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II.  llHnifThe  objectives  of  this  investigation  were  to  (a^  develop  a  rotation  shear  ma- 
chine  to  measure  the  residual  shear  strength  (constant  shearing  resistance  at  which  ma¬ 
terial  undergoes  continuous  deformation  under  a  constant  state  of  effective  stress)  of 
clays  and  clay-shales;  (b)  Investigate  testing  errors;  and  (c)  measure  residual  shear 
strengths  of  representative  types  of  highly  plastic  clays  and  clay-shales.  In  the  ro¬ 
tation  shear  test,  torque  is  applied  to  the  bottom  of  the  specimen  and'  two  force  trans¬ 
ducers  measure  the  couple  necessary  to  maintain  the  upper  half  of  the  specimen  sta¬ 
tionary.  Disc-shaped  or  annular  specimens  with  thicknesses  from  0.1  to  2.5  cm  and  out¬ 
side  diameters  of  7.11  cm  can  be  tested. '  The  inside  diameter  of  annular  specimens  is 
5.08  cm.  Vertical  stresses  up  to  20 C  kg  per  cm2  on  annular  specimens  are  applied  by  a 
lever  system.  Rates  of  rotation  can  be  varied  from  one  revolution  in  Uo  minutes  to  one 
revolution  in  28  days.  It  was  found  that  soil  extrusion  from  the  peripheral  boundaries 
of  the  specimen  introduce  error  by  causing  redistribution  of  the  vertical  stress  on  the 
specimen,  with  the  error  increasing  as  the  ratio  of  inner  radius  to  outer  radius  of  the 
annular  specimen  decreases  and  as  the  rate  of  soil  extrusion  increases.  Other  errors 
evaluated  were  those  resulting  from  Inaccuracies  in  the  lever  system,  side  friction  of 
confining  rings,  and  errors  in  mcment  due  to  the  electronic  measuring  system  and  due  to 
friction  between  the  center  disc  and  the  inner  periphery  of  annular  specimens.  Re¬ 
molded  specimens  of  three  materials  (Pepper  shale,  Cucuracha  shale,  and  London  clay) 
tented  under  an  effective  normal  stress  of  8  kg  per  cm2  had  residual  friction  angles 
varying  from  7*3  to  8.L  deg  .^Variations  in  residual  shear  strength  were  investigated 
for  normally  consolidated  versus  overconsolidated  specimens,  for  specimens  sheared  at 
different  rates  of  peripheral  displacement,  and  for  specimens  prepared  by  several 
different  remolding  procedures.  /. \ 
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FOREWORD 


Tho  work  described  in  this  report  was  initiated  in  connection  with 
Contract  DAOn9-67-C-OG2L,  "Use  of  Atterberg  Limits  in  Applied  Soil  Mech¬ 
anics,"  but  the  majority  of  the  work  was  performed  under  Contract 
DACW3')-f-9-C-0028,  "Research  Study  on  Residual  Shear  Strength  of  Soils," 
both  contracts  being  between  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  and  Harvard  University.  The  contracts  were  sponsored  by 
the  Office,  Chief  of  Engineers  (OCE),  under  ES-53‘>»  "Use  of  Atterberg 
Limits  in  Applied  Soil  Mechanics,"  and  ES-5^5,  "Residual  Shear  Strength 
of  Soils.” 

The  general  objective  of  this  research,  which  was  initiated  in  1967* 
was  to  develop  a  rotation  shear  machine  for  the  purpose  of  measuring  resid¬ 
ual  shear  strengths  of  clays  and  clay-shales,  to  investigate  testing  errors 
in  the  rotation  shear  tests,  and  to  measure  the  residual  shear  strengths  of 
selected  highly  plastic  clays  and  clay-shales.  The  work  was  performed  and 
the  report  prepared  by  Mr.  Daniel  P.  LaCatta  at  Harvard  University. 

The  contract  was  monitored  by  Mr.  B.  N.  Maclver,  Chief,  Laboratory 
Research  Section,  Bnbankment  and  Foundation  Branch,  under  the  general  super¬ 
vision  of  Messrs.  A.  A.  Maxwell,  Assistant  Chief,  and  J.  P.  Sale,  Chief, 
Soils  Division,  WES. 

Contracting  officers  were  COL  Levi  A.  Brown,  CE,  and  COL  Ernest  D. 
Peixotto,  CE,  successive  Directors  of  the  Waterways  Experiment  Station 
during  the  conduct  of  this  study  and  the  preparation  and  publication  of 
this  report.  Technical  Directors  were  Messrs.  J.  B.  Tiffany  and  F.  R. 

Brown . 
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PREFACE 


Professor  Arthur  Casagrande's  lectures  on  Soil  Mechanics  have  provided  the  stimulation  for 
the  author's  initiation  of  this  research.  Professor  Casagrande  suggested  that  a  rotation  shear 
machine  would  be  best  suited  for  this  investigation  and  a  machine  designed  by  the  author  was  com¬ 
pleted  in  November  1967. 

Special  acknowledgment  is  given  to  Professor  Steve  Poulos,  who  directed  this  research.  His 
numerous  discussions  with  the  author  have  aided  in  all  phases  of  the  investigation. 

The  author  is  grateful  to  Professor  Ronald  Hirschfela,  Associate  Professor  of  Civil 
Engineering  at  the  Massachusetts  Institute  of  Technology,  for  his  constructive  criticism  of  the  first 
draft  of  this  report. 

Grateful  acknowledgment  is  given  to  Mr.  Fay  Welch,  research  machinist,  who  built  the 
rotation  shear  machine  used  in  the  research. 

Mr.  Charles  E.  Osgood,  technical  associate  in  the  Harvard  Soil  Mechanics  Laboratory, 
assisted  in  the  preparation  of  the  figures. 

The  author  wishes  to  express  his  appreciation  to  the  17.  S.  Army  Corps  of  Engineers,  who 
sponsored  this  investigation. 
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SYNOPSIS 


The  purpose  and  scope  of  this  investigation  was:  (1)  develop  a  rotation  shear  machine  spe¬ 
cifically  for  the  purpose  of  measuring  the  residual  shear  strength  of  clays  and  clay-shales; 

(2)  investigation  of  test  errors;  (3)  measurement  of  the  residual  strength  of  several  representative 
types  of  highly  plastic  clays  and  clay-shales  for  which  the  residual  shear  strength  is  of  great  prac¬ 
tical  importance. 

The  residual  strength  is  defined  as  the  constant  shearing  resistance  at  which  a  material 
undergoes  continuous  deformation  at  a  constant  state  of  effective  stress. 

A  review  of  past  research  revealed  that  the  residual  strength  had  not  been  reached  in  many 
cases  because  the  tests  were  not  carried  to  sufficient  displacement.  This  error  may  be  detected 
by  plotting  the  displacement  on  a  logarithmic  scale,  which  accentuates  the  slope  of  the  shear  stress 
versus  displacement  curve  at  large  displacements. 

In  the  rotation  shear  machine  that  was  designed  and  built  for  this  investigation,  torque  is 
applied  to  the  bottom  of  the  specimen  and  two  force  transducers  measure  the  couple  necessary  to 
maintain  the  upper  half  of  the  specimen  stationary.  This  machine  permits: 

1.  Testing  of  disc-shaped  or  annular  specimens  with  an  outer  diameter  of  7.11  cm.  An  inner 
diameter  of  5.08  cm  was  used  for  the  annular  specimens. 

2.  Testing  of  specimens  with  thicknesses  from  0.1  cm  to  2.5  cm. 

3.  Application  of  vertical  stresses  (by  a  lever  system)  of  100  kg/sq  cm  on  a  disc-shaped  speci¬ 
men  and  200  kg/sq  cm  on  an  annular  specimen. 

4.  Ten  rates  of  rotation  from  1  rev/40  min  to  1  rev/28  days,  corresponding  to  rates  of  per¬ 
ipheral  displacement  of  5.6  X  10-1  cm/min  to  5.6  X  10-4  cm/min. 


5.  Use  of  a  horizontally  split  confining  ring  with  a  clearance  between  0  and  0.002  inch,  or  a 
solid  confining  ring. 

6.  Measurement  of  forces  with  an  accuracy  of  ±  0.3%  over  a  range  of  shearing  resistance  of 
0.1  to  15  kg/sq  cm. 

An  investigation  of  the  test  errors  in  the  rotation  shear  test  indicated  that  soil  extrusion  from 
the  peripheral  boundaries  of  the  specimen  may  introduce  an  error  by  causing  a  redistribution  of  the 
vertical  stress  on  the  specimen.  At  the  residual  state,  the  vertical  stress  may  reach  a  constant 
(but  nonuniform)  distribution  and  hence  result  in  a  constant  resistance.  It  is  believed  that  extrusion 
causes  the  effective  vertical  stress,  ay,  to  be  lower  at  the  periphery  (where  the  extrusion  occurs) 
than  at  the  center  of  the  specimen  as  shown  in  the  sketch. 


A 


Because  the  moment  arm  for  area  1  is  larger  than  the  moment  arm  for  area  2,  the  measured 
moment  is  lower  than  it  would  be  if  oy  were  uniform.  Thus  the  residual  strength  computed  from 
the  measured  moment  by  assuming  a  uniform  distribution  of  is  too  low.  Test  results  indicate 
that  the  error  caused  by  soil  extrusion  increases  as: 

1.  The  ratio  of_the  inner  radius  to  the  outer  radius  of  the  specimen,  Rg  /  Rj,  decreases. 

2.  The  rate  of  soil  extrusion  increases. 

For  a  test  on  a  disc-shaped  specimen  in  which  unlimited  extrusion  was  permitted,  the  measured 
residual  strength  was  about  40%  lower  than  for  an  identical  test  in  which  extrusion  was  minimized 
by  using  a  solid  confining  ring.  For  annular  specimens  from  which  unlimited  extrusion  was  per¬ 
mitted,  the  error  ranged  between  11%  and  15%.  Test  results  indicate  that  this  error  is  virtually 
eliminated  by  using  annular  specimens  with  Rg/Rj  =  0-70  confined  by  a  solid  ring  to  minimize 
extrusion. 

Other  errors  and  their  estimated  effect  on  the  residual  strength  when  using  an  annular  speci¬ 
men  are: 

1.  Inaccuracies  in  the  lever  system,  ±0.1  to  ±0.25%. 

2.  Reduction  in  ay  due  to  side  friction,  -0.5%. 

3.  Error  in  moment  due  to  the  electronic  measuring  system,  ±0.3%. 

4.  Error  in  measured  moment  caused  by  friction  between  the  center  disc  and  the  inner 

periphery  of  an  annular  specimen,  +1.4%. 

When  a  solid  confining  ring  is  used,  failure  occurs  near  a  porous  disc.  The  measured 
residual  strength  was  found  to  be  the  same  whether  failure  occurred  in  the  center  of  the  specimen 
or  near  a  porous  disc.  This  result  led  to  the  use  of  2-mm-thick  specimens,  permitting  faster  con¬ 
solidation  and  more  rapid  shearing  rates  than  have  been  common  in  the  past. 

Principal  results  on  three  remolded  materials  used  in  the  investigation  are  summarized 

below: 


Material 

Liquid 

Limit 

Lw 

Plastic 

Limit 

Pw 

Residual  Friction 
Angle  for 

oy  =  8,0  kg/sq  cm 

Pepper  Shale 

71 

22 

7.4° 

Cucaracha  "Shale" 

156 

42 

O 

CO 

London  Clay 

72 

22 

o 

CO 

Tests  on  2-mm-thick  specimens  of  the  three  highly  plastic  clays  indicated  that  a  rate  of 

—3  —1 

peripheral  displacement  ranging  from  5.6  X  10  cm/min  to  5.6  X  10  cm/min  had  a  negligible 
effect  on  the  residual  strength. 

The  effect  of  the  overconsolidation  ratio  on  the  residual  strength  was  investigated  by  perform¬ 
ing  tests  on  specimens  of  remolded  Pepper  Shale  and  remolded  Cucaracha  "Shale"  with  overconsoli¬ 
dation  ratios  from  1  to  100.  The  difference  in  residual  strength  for  normally  consolidated  and  over¬ 
consolidated  specimens  was  between  0%  and  20%  (the  largest  difference  in  the  residual  friction 
angle  was  1.4°). 
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Tests  on  annular  specimens  of  London  Clay  indicate  the  relationship  between  t r  and  is  a 
straight  line  through  the  origin  inclined  at  9.3°  for  the  undisturbed  specimens  tested  and  8.3°  for 
remolded  specimens  of  the  same  sample.  These  values  are  considerably  lower  than  previously 
published.  The  author  believes  that  the  main  reason  for  the  difference  between  these  results  and 
previously  published  results  may  be  due  to  not  carrying  the  previous  tests  to  sufficient  displacement. 

The  effect  of  the  degree  of  remolding  on  the  residual  strength  was  investigated  by  remolding 
a  sample  of  Cucaracha  "Shale"  by  two  methods: 

1.  Air-drying  and  slaking  four  times  (Lw  =  49,  =  21). 

2.  Air-drying  and  slaking  four  times,  air-drying  a  fifth  time  and  crushing  in  a  disc  mill 

(L  =  156,  P  =  42). 

'  w  ’  w 

The  residual  strength  of  both  remolded  samples  was  practically  identical.  However,  ten  times 
more  displacement  was  required  to  reach  the  residual  strength  in  tests  using  the  less  plastic 
material.  This  result  suggests  that  the  technique  of  preparing  remolded  materials  may  have  a 
negligible  effect  on  the  measured  residual  strength. 


CHAPTER  1 


INTRODUCTION 


1.1  PURPOSE 

The  investigations  described  in  this  report  were  concerned  with  the  measurement  of  the  re- 

$ 

sidual  S  strength  of  clays.  The  residual  S  strength  is  the  shearing  resistance  measured  in  an  S 
test,  at  which  a  material  undergoes  continuous  deformation  under  a  constant  state  of  effective 
stress.  The  purposes  of  this  investigation  were  (1)  design  a  rotation  shear  machine,  (2)  develop 
an  efficient  test  procedure  for  accurate  measurement  of  the  residual  strength  and  (3)  determine  to 
what  extent  the  residual  S  strength  is  affected  by  specimen  shape,  type  of  radial  confinement,  over¬ 
consolidation  ratio  and  rate  of  deformation.  The  following  materials  were  used  in  the  investigation: 
(1)  ground  Muscovite,  (2)  remolded  Warm  Springs  Shale,  (3)  remolded  and  undisturbed  Pepper  Shale, 
(4)  remolded  Cucaracha  "Shale"  and  (5)  remolded  and  undisturbed  London  Clay. 

1.2  RESIDUAL  S  STRENGTH  -  A  WORKING  HYPOTHESIS 

The  stress-strain  curve  obtained  in  a  conventional  direct  shear  S  test  on  a  heavily  overcon¬ 
solidated  clay  is  characterized  by  a  sharp  peak  as  shown  in  Fig.  1-1.  The  peak  shear  strength 
occurs  at  relatively  small  displacements  and  the  shearing  resistance  decreases  as  displacement 
continues  until  it  finally  reaches  a  constant  valae. 

-S  hypothesized  that  the  large  displacements  required  to  achieve  the  residual  S  strength 
presu.  ^bly  cause  the  soil  to  reach  a  critical  void  ratio  (Casagrande,  1936),  i.e.,  when  the  soil 
reaches  the  residual  S  strength,  it  undergoes  no  further  volume  changes  in  the  failure  zone  and  the 
soil  is  in  the  "critical"  or  residual  state  (Poulos,  1969).  The  concept  of  residual  S  strength  will  be 
discussed  with  the  aid  of  the  hypothetical  curves  shown  in  Fig.  1-2. 

Figure  l-2a  is  a  plot  of  void  ratio  versus  effective  vertical  stress,  <ry  on  a  horizontal  plane 
in  a  direct  shear  S  test  on  clay.  The  upper  curve,  A-B,  represents  the  virgin  compression  curve 
for  this  clay.  If  a  direct  shear  S  test  is  performed  on  a  specimen  with  an  initial  void  ratio  desig¬ 
nated  by  point  1,  application  of  shear  stresses  will  cause  a  decrease  in  void  ratio.  This  decrease 
in  void  ratio,  plotted  as  a  function  of  displacement,  is  shown  by  the  dashed  line  in  Fig.  l-2b.  The 
dashed  line  in  Fig.  l-2c  shows  that  the  shear  stress  increases  with  displacement  until  a  maximum 
shear  stress  (peak  strength)  is  reached.  The  void  ratio  at  this  peak  strength  is  represented  by 
point  2  in  Fig.  l-2a.  If  tests  with  different  values  of  5y  were  performed,  the  relationship  between 
void  ratio  at  peak  strength  and  oy  would  be  given  by  the  heavy  dashed  line,  a-b  in  Fig.  l-2a. 

Continued  displacement  beyond  that  required  to  develop  the  peak  strength  results  in  a  de¬ 
crease  in  shearing  resistance  until  at  very  large  displacements  it  becomes  constant  which,  by 
definition,  is  the  residual  strength.  The  void  ratio  continues  to  decrease  as  displacement  con¬ 
tinues  beyond  the  peak  strength  until  it  also  becomes  constant.  This  void  ratio,  designated  as  ecr 
in  Figs.  l-2a  and  l-2b,  is  the  critical  void  ratio.  The  relationship  between  critical  void  ratio  and 
ay  would  be  that  shown  by  the  line  ecr  in  Fig.  l-2a  (Casagrande,  1938;  Roscoe,  1958). 


The  S  strength  is  measured  in  a  specimen  which  has  been  consolidated  to  the  desired  effective 
stress  and  then  sheared  slowly  enough  to  insure  that  the  induced  pore  pressures  are  negligible. 
Such  a  test  is  called  an  S  test  or  a  consolidated-drained  (CD)  test. 
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The  line  C-D  in  Fig.  l-2a  represents  a  portion  of  a  swelling  curve  for  the  clay  under  dis¬ 
cussion.  If  a  direct  shear  test  is  performed  at  the  same  ay  (overconsolidation  ratio,  OCR  >  10) 
used  in  the  test  on  the  normally  consolidated  soil,  the  initial  void  ratio  would  be  represented  by 
the  point  1'.  The  shear  stresses  in  this  case  may  cause  a  very  slight  decrease  in  void  ratio  at 
first,  depending  on  after  swelling.  As  displacement  continues,  the  void  ratio  increases  until 

at  the  peak  shear  strength,  the  void  ratio  has  increased  to  point  2'.  Similar  tests  at  different 
values  of  would  result  in  a  relationship  between  the  void  ratio  at  peak  strength  and  such  as 
that  shown  by  the  line  c-d  in  Fig.  l-2a.  Continued  displacement  causes  a  substantial  reduction  in 
strength  until  at  very  large  displacements,  the  strength  becomes  independent  of  displacement  as 
shown  in  Fig.  l-2c. 

The  reduction  in  resistance  beyond  the  peak  strength  in  normally  consolidated  clays  is  main¬ 
ly  a  result  of  destroying  bonding  between  clay  particles  and  orienting  them  in  the  direction  of  move¬ 
ment.  For  overconsolidated  clays,  the  reduction  in  strength  is  due  to  the  increase  in  void  ratio  as 
well  as  the  destruction  of  bonding  and  the  orientation  of  clay  particles. 

In  the  hypothetical  curves  of  Fig.  1-2,  the  residual  strength  and  e  are  assumed  to  be  inde¬ 
pendent  of  OCR.  Intuitively,  it  would  seem  that  the  large  displacement  required  to  achieve  the 
residual  S  strength  would  cause  sufficient  remolding  on  the  failure  plane  to  destroy  the  effects  of 
overconsolidation. 

Figure  l-2d  is  a  plot  of  the  shear  stress  and  normal  stress  in  the  plane  of  shear  for  the  case 
of  a  heavily  overconsolidated  clay.  The  usual  assumptions  concerning  the  stresses  in  a  direct 
shear  test  are  made:  (1)  failure  occurs  on  a  horizontal  plane,  and  (2)  t/ct  =  tan 

Most  data  available  concerning  the  residual  strength  of  clays  indicate  the  tests  have  not  been 
carried  to  sufficiently  large  displacements  to  accurately  define  the  residual  S  strength  (Section  2.3). 
Volume  change  measurements  have  not  been  adequate  to  substantiate  the  uniqueness  of  the  critical 
void  ratio  ecr  because  (1)  it  is  difficult  to  accurately  measure  the  overall  volume  changes  at  large 
strains  and  (2)  the  critical  void  ratio  generally  exists  only  in  a  thin  zone  of  soil  adjacent  to  the 
failure  plane. 

1.3  SCOPE 

The  scope  of  this  investigation  is  as  follows: 

(1)  Review  the  development  and  the  concept  of  residual  S  strength  in  the  field  of  soil  mechanics. 

(2)  Review  past  investigations  concerning  the  measurement  of  residual  shear  strength. 

(3)  Design  a  strain  control  rotation  shear  machine  permitting: 

o 

(a)  Application  of  vertical  stresses  up  to  100  kg/cm  . 

(b)  Measurement  of  shear  stresses  with  an  accuracy  and  precision  of  approximately  0.3%. 

(c)  Both  disc-shaped  and  annular  specimens  to  be  tested. 

(d)  Specimen  thicknesses  from  1  mm  to  25  mm. 

(e)  Peripheral  confinement  by  either  horizontally  split  or  solid  confining  rings. 

(f)  Variation  in  rate  of  specimen  deformation  by  a  smooth,  vibration-free  trans¬ 
mission  system. 

(4)  Develop  a  procedure  for  testing  undisturbed  and  remolded  clays. 

(5)  Perform  laboratory  tests  to  determine  to  what  extent  the  residual  S  strength  is  affected  by: 

(a)  Specimen  shape  and  radial  confinement. 

(b)  Overconsolidation  ratio(OCR). 

(c)  Rate  of  displacement. 


CHAPTER  2 


REVIEW  OF  PAST  RESEARCH  ON  RESIDUAL 
STRENGTH  OF  CLAYS 


2.1  INTRODUCTION 

The  purpose  of  this  chapter  is  to  outline  the  early  development  of  the  concept  of  residual 
strength  and  to  discuss  results  of  several  more  recent  investigations  on  this  subject.  The  number 
of  papers  written  on  residual  strength  during  the  past  five  years  might  lead  one  to  believe  that  this 
area  of  research  is  relatively  new  in  soil  mechanics.  In  fact,  some  of  the  earliest  research  on  the 
shear  strength  of  soil  was  performed  to  study  the  loss  of  strength  of  clays  subjected  to  large  defor¬ 
mations. 

In  Section  2.2  emphasis  is  placed  on  presenting  those  papers  which  appear  to  be  milestones 
in  the  early  development. 

More  recent  papers  are  discussed  in  Section  2.3  to  focus  attention  on  aspects  of  this  topic 
believed  to  require  further  research. 

2.2  EARLY  DEVELOPMENT 

In  1846,  Alexander  Collin,  in  his  important  book.  Experimental  Research  on  Landslides  in 
Clay  Strata,  stated  that  the  object  of  his  research  was  the  "study  of  mechanics  as  applied  to  equi¬ 
librium  of  clay  soils."  From  a  study  of  the  location  and  shape  of  the  slip  plane  in  about  15  slides, 
Collin  concluded  that  these  slides  were  caused  by  inadequate  shear  strength  of  the  soil.  Much  of 
Collin's  work  was  in  stiff  fissured  clay.  He  recognized  that  cut  slopes  in  these  soils,  stable  during 
construction,  might  fail  at  a  later  time.  He  concluded  that  this  time  effect  was  a  result  of  softening 

due  to  entry  of  water  into  the  slope.  To  support  this  conclusion,  Collin  performed  undrained  shear 
* 

strength  tests  on  remolded  clays  and  found  that  the  strength  was  greatly  influenced  by  the  water 
content.  Times  to  failure  were  thirty  seconds  or  less  in  these  tests  and  Collin  stated: 

Knowledge  of  the  absolute  instantaneous  resistance  is  of  no  use  in  construction  practice  .  .  . 

A  permanent  resistance  is  therefore  the  only  one  which  it  is  necessary  to  know  .  .  .  What 

length  of  time,  in  effect,  must  elapse  until  a  body  subjected  to  a  pressure  can  be  considered 

capable  of  resisting  it  indefinitely?  Is  it  a  day,  a  year,  or  a  century  .  .  . 

Much  research  has  been  directed  toward  answering  this  question.  The  work  presented  in  this 
report  reflects  the  present  interest  in  finding  the  "permanent  resistance"  of  a  clay  under  S  conditions. 

The  amount  of  shear  testing  performed  between  1846  and  the  1920's  was  meager,  and  little 
light  was  shed  on  the  stress-deformation  properties  of  soils.  In  the  1920's,  activity  in  this  area  of 
soil  mechanics  increased  significantly  with  the  development  of  the  direct  shear  device  in  Europe 
(Krey,  1926). 

In  the  early  1930's,  Tiedemann  began  studying  the  stress-deformation  characteristics  of  clays 
using  a  rotation  shear  machine  (Hvorslev,  1969).  Shortly  afterward,  Hvorslev  (1936)  and  Haefeli 
(1938)  used  rotation  shear  machines  to  investigate  the  strength  of  clay.  Both  Tiedemann  and 


* 

Collin,  of  course,  did  not  refer  to  his  tests  as  undrained,  nor  did  he  discuss  the  importance  of 
drainage  conditions  during  the  tests.  The  tests  consisted  of  failing  a  clay  prism  in  double-shear 
by  adding  a  weight  to  a  central,  unsupported  length  of  prism. 


Hvorslev  were  specifically  interested  in  investigating  the  shear  strength  of  clays  at  large  displace¬ 
ments, 

Hvorslev  (1936)  published  results  that  showed  a  reduction  in  shearing  resistance  after  the 
peak  strength  had  been  passed.  Tests  on  remolded  Little  Belt  clay  (Lw  =  126,  Pw  =  36)  indicated  a 
drop  in  resistance  to  about  40%  of  the  peak  strength  after  a  displacement  of  9  cm.  Hvorslev  con¬ 
cluded  that  his  investigations  demonstrated  "the  shear  resistance  after  failure  depends,  to  a  large 
extent,  on  the  displacement  after  failure  .  .  ."  Considering  that  the  specimen  thickness  was  2  cm, 
and  total  duration  of  the  test  was  between  15  and  22  hours,  it  is  likely  that  these  tests  were  not  S- 
tests. 

In  1937  Tiedemann  published  the  results  of  rotation  shear  tests  on  remolded  and  undisturbed 
clay.  He  found  that  at  very  large  displacements  the  shear  strength  was  a  fraction  of  the  peak 
strength  and  that  it  approached  a  constant  value.  Tiedemann  referred  to  this  approximately 
constant  reduced  strength  as  "Reinen  Gleitwider stand"  (pure  sliding  resistance).  In  general, 
deformations  were  of  the  order  of  10  to  25  cm  before  "pure  sliding  resistance"  was  reached.  It  is 
probable  that  Tiedemann1  s  tests  on  remolded  clays  were  S-tests,  with  tests  lasting  up  to  four  weeks 
in  some  cases. 

Haefeli  (1938)  called  the  last  point  of  the  stress  deformation  curve  obtained  from  rotation 
shear  tests  "Restscherspannung"  (remaining  shear  strength).  It  is  clear  from  the  shape  of  the 
stress-displacement  curve  that  "Restscherspannung"  does  not  refer  to  a  shear  strength  which  is 
independent  of  displacement.  In  a  paper  in  English,  Haefeli  (1951)  used  the  term  residual  strength 
as  a  translation  for  Restscherspannung.  However,  the  tests  reported  by  Haefeli  were  creep  tests 
and  they  were  not  carried  to  sufficient  displacement  to  achieve  a  constant  shearing  resistance. 

Hvorslev  (1938,  1939)  introduced  the  term  "ultimate  minimum  shear  strength"  to  describe 
the  approximately  constant  strength  measured  at  large  deformations. 

Renewed  construction  activity  on  the  existing  Panama  Canal  in  the  1940's  and  interest  in  the 
construction  of  a  sea  level  canal,  gave  impetus  to  re-evaluation  of  slides  on  the  slopes  along  the 
existing  canal.  The  amount  of  interest  this  work  generated  may  be  gauged  by  the  number  of  papers 
and  discussions  presented  during  a  1949  symposium  on  the  Panama  Canal  sponsored  by  the 
American  Society  of  Civil  Engineers.  In  one  of  these  papers,  Binger  and  Thompson  (1949)  describe 
a  direct  shear  test  performed  on  a  sample  of  undisturbed  Cucaracha  "shale"  in  which  the  two 
mating  surfaces  of  the  test  specimens  were  polished  to  simulate  slickensides.  The  slope  of  a 
strength  envelope  obtained  from  a  series  of  such  tests  was  10  degrees  and  this  slope  was  used  for 
analyzing  cuts  in  the  Cucaracha  formation  in  order  to  develop  a  relationship  between  depth  of  exca¬ 
vation  and  required  slopes.  This  study  appears  to  be  the  first  use  of  a  strength  smaller  than  peak 
strength  for  stability  analysis  for  slopes  in  slickensided  clay-shale. 

In  his  discussion  of  the  paper  by  Binger  and  Thompson,  Casagrande  (1949)  commented  as 
follows: 

Many  of  the  observed  slides  have  moved  slowly,  showing  only  a  small  reduction  in  the 
effective  shear  strength  before  and  after  each  movement.  This  condition  is  particularly 
significant  when  compared  to  the  large  differences  between  the  maximum  and  residual* 

(after  failure)  strength  values  obtained  in  all  laboratory  tests  on  Cucaracha,  because  it 
makes  it  appear  probable  that  the  resistance  of  the  banks  to  sliding  had  already  the  char¬ 
acter  of  residual  strength  when  the  cuts  were  made. 

Thus,  Casagrande  recognized  that  the  stability  of  a  cut  slope  may  be  governed  by  a  strenj  th  that 
would  be  measured  in  the  laboratory  only  after  passing  the  peak  strength. 


jjf  ^  ^ 

To  the  author's  knowledge,  this  is  the  first  time  the  word  "residual,"  in  connection  with  the  shear 
strength  of  a  soil,  has  been  used  in  an  English  publication. 


The  proposed  sea  level  canal  also  stimulated  the  U.  S.  Corps  at  Engineers  Katcmjn  Experi¬ 
ment  Station  to  study  the  strength  characteristics  of  Atlantic  Muck,  "in  particular,  the  decrease  a 
the  ultimate  residual  values  of  the  shearing  resistance  after  initial  failure  at  the  material  .  .  ." 
(Waterways  Experiment  Station,  1951).  A  rotation  shear  machine  was  built  at  the  Waterways 
Experiment  Station  under  the  supervision  at  Or.  M.  J.  Hvorslev  (Hvorslev  and  Kaufman.  1952)  and 
a  number  of  tests  performed  on  Atlantic  Muck.  Tht  tests  were  intended  u>  be  constant  water  content 
tests  but  it  was  recognized  that  drainage  could  not  be  coaipletely  prevented 

In  discussing  results  of  their  torsion  shear  tests  on  Atlantic  Muck.  Hvorslev  and  Kaufman 
(1951)  state  the  following  with  regard  to  the  slickensided  failure  surface: 

The  changes  in  soil  structure  and  compos  it  ion  in  the  immediate  vicinity  of  such  surfaces, 
and  the  influences  of  such  changes  on  the  residual  ahearing  resistances  are  not  yet  known. 

In  discussing  these  data  later.  Hvorslev  (I960)  writes: 

It  is  probable  that  shear  strains  promote  orientation  of  the  clay  particles  in  a  direction 
parallel  to  that  of  the  principle  strain  ...  If  the  strains  are  very  large,  they  cause 
formation  of  slickensided  failure  surfaces  .  .  . 

This  was  the  first  time  that  the  reduction  in  strength  after  the  peak  strength  and  the  formation  at 
slickensides  were  linked  to  reorientation  of  clay  particles  in  the  failure  sonr 

2.3  RECENT  DEVELOPMENTS 

The  renewed  interest  In  the  shear  strength  of  soils  at  Urge  strain  In  the  past  five  years  is 
chiefly  due  to  the  Fourth  Rankine  lecture  presented  by  Professor  Skempton  ( I N4)  In  this  paper 
Skempton  re-analyzed  a  number  of  slides  and  showed  that  the  shear  strength  at  failure  may  be 
close  to  the  drained  residual  strength.  He  determined  the  residual  stret^th  by  repeatedly  a  hear  lag 
a  specimen  In  a  direct  shear  machine.  After  completing  the  first  shear,  with  a  displacement  of 
about  0.3  in.,  the  upper  half  of  the  shear  machine  waa  pushed  back  to  its  original  position  and  then 
pulled  forward  again,  this  process  being  repeated  until  "the  strength  of  the  cUy  had  dropped  to  a 
steady  (residual)  value."  In  the  few  stress  versus  displacement  curves  Skempton  presents,  the 
author  noticed  that  the  dUplacementa  at  which  the  testa  reached  the  residual  strength  were  smaller 
than  displacements  which  had  previously  been  reported  (Hvorslev.  IfJt;  Ttedemsnn  ItJT)  and  also 
smaller  than  thoae  measured  in  tests  performed  early  in  this  research. 

The  large  displacements  necessary  to  achieve  residual  strength  led  the  author  to  plot  the 
stress  versus  the  logarithm  of  the  displacement.  This  technique  accentuate#  the  slope  at  the 
stress-dispUcement  curve  at  large  displacements,  allowing  the  residual  stret^th  to  be  defined  with 
less  ambiguity.  The  ambiguity  that  can  result  from  plotting  the  displacement  on  an  arithmetic 
scale  la  Illustrated  Ip  Figs.  2-1  and  3-2  Figure  3-1  has  been  reproduced  frossa  Skempton  (l #44)  It 
appears  that  the  residual  strength  has  been  defined  at  a  displacement  of  1.9  inches  It* plotting  this 
curve  on  a  semi-log  plot  in  Fig.  2*2  shows  that  the  test  has  been  stopped  before  the  re#  dual 
strength  has  been  clearly  defined.  The  data  could  be  extrapolated  within  ihe  wide  ranges  shown. 

The  last  point  on  the  curve  may  be  due  to  random  test  error  which  caused  M  to  lie  above  the  true 
curve.  If  this  one  teat  may  be  taken  aa  typical  of  the  data  used  by  Skemptan  n  appears  that  hu 
conclusions  concerning  the  relationship  between  the  shear  strength  calculated  from  the  analysts  of 
failed  slopes  and  the  residual  strength  measured  in  the  laboratory  (the  residua*  factor")  may  be 
significantly  in  error 

The  results  of  two  major  research  programs  canccrsiig  residual  etrerqflh  were  published  in 
1966.  The  first  was  carried  out  at  Imperial  College  by  Pet  ley  (IM4)  This  ftdy  was  performed  on 
several  undisturbed  clays  and  Kaoiintte,  using  repeatedly  reversed  direct  shear  tests  Is  discuss¬ 
ing  his  laboratory  testing  technique.  Petley  states: 


In  view  of  the  need  for  a  relatively  simple  method  of  obtaining  the  residual  parameters  of  a 
soil,  attention  was  focused  on  developing  techniques  of  testing  in  which  the  residual  strength 
could  be  measured  with  reasonable  accuracy  in  the  types  of  apparatus  available  in  a  normal 
laboratory,  i.e.,  shear  box  and  triaxial  compression. 

He  also  comments,  "For  research  purposes,  of  course,  the  torsion  shear  apparatus  is  essential  .. 

The  direct  shear  tests  used  in  Petley's  research  were  performed  on  specimens  that  were 
6  cm  square  and  2.5  cm  thick.  The  lower  half  of  the  direct  shear  box  was  pushed  forward  mechani¬ 
cally  at  a  constant  rate.  After  completing  the  first  traverse,  with  a  displacement  of  about  0.3  in., 
the  direction  was  reversed  and  ♦he  lower  shear  box  was  returned  to  its  initial  position  rapidly. 

The  reversal  technique  was  continued  until  a  steady  shear  stress  was  recorded.  The  forward  shear 
stages  were  carried  out  slowly  enough  to  ensure  S  conditions.  It  was  not  possible  to  measure  the 
shear  load  during  the  reversal  part  of  the  test.  Tests  performed  in  this  manner  typically  lasted 
19  days,  with  total  displacement  in  the  forward  direction  of  1  to  3  inches.  The  data  obtained  are 
plotted  as  a  series  of  stress  versus  displacement  curves,  one  for  each  forward  traverse  of  the 
shear  box.  In  many  cases,  a  constant  residual  strength  was  not  reached  in  the  repeatedly  reversed 
direct  shear  test.  Figures  2-3  and  2-4  show  some  typical  data  obtained  by  Petley,  replotted  on  a 
semi-log  plot.  The  last  point  of  each  traverse  of  the  shear  box  has  been  plotted  against  the  total 
displacement.  It  can  be  seen  that  in  some  cases,  the  tests  were  terminated  prematurely.  In  other 
tests,  the  residual  strength  has  been  defined  satisfactorily. 

Petley  concluded  from  his  tests  that  the  residual  strength  is  not  dependent  on  stress  history 
or  the  rate  of  shearing  displacement.  Since  a  number  of  Petley's  tests  did  not  reach  the  residual 
condition,  it  is  felt  that  further  study  of  the  effects  of  stress  history  and  rate  of  displacement  are 
required  before  their  influence  on  the  residual  strength  can  be  established. 

Figure  2-5,  taken  from  Petley's  thesis,  shows  a  general  relationship  between  clay  fraction 
and  dr  (slope  of  residual  strength  envelope)  for  London  clay  and  several  other  clays  in  England. 
Although  the  residual  strength  may  not  have  been  accurately  defined  in  some  tests.  Fig.  2-5  does 
show  that  decreases  as  the  clay  fraction  increases. 

The  second  major  research  program  on  the  residual  strength  of  soils  was  performed  at  the 
Massachusetts  Institute  of  Technology  (Herrmann  and  Wolfskill,  1966).  Their  tests  were  predomi¬ 
nantly  repeatedly  reversed  direct  shear  tests  on  2-inch-square  test  specimens.  A  few  tests  were 
performed  at  the  Massachusetts  Institute  of  Technology  on  the  Waterways  Experiment  Station 
rotation  shear  machine  (Hvorslev  and  Kaufman,  1952).  The  soils  tested  were  resedimented  samples 
of  Culebra  clay  shale  and  Cucaracha  clay  shale  from  the  Panama  Canal  Zone  and  the  Pierre  shale 
from  Missouri.  A  study  of  the  stress  versus  displacement  curves  led  the  author  to  the  conclusion 
that  some  of  the  tests  had  not  reached  the  residual  strength  as  defined  in  Chapter  1.  In  a  number  of 
tests,  a  min  mum  resistance  was  reached  for  a  given  traverse  after  which  continued  displacement 
caused  an  increase  in  the  shear  stress,  as  illustrated  in  Fig.  2-6.  The  minimum  resistance 
measured  in  ?ach  traverse  was  tabulated  and  the  smallest  of  these  values  was  defined  as  the 
residual  stregih.  It  was  also  found  that,  as  a  test  continued,  the  minimum  stress  measured  in  any 
single  traverse  would  increase  at  ie  traverses  were  continued  beyond  a  certain  number. 

Figure  2-7  shows  the  minimum  from  the  individual  pulls,  versus  the  log  of  the  total  dis¬ 

placement.  The  residua1,  strength  was  defined  by  the  minimum  shearing  resistance  measured  in 
such  a  test.  Herrmann  and  Wolfskill  state: 


$ 

Herrmann  and  Wolfskill  present  the  results  of  their  tests  in  tabular  form  and  do  not  plot  the  entire 
shear  stress  versus  displacement  curve  for  a  test. 


It  is  characteristic  for  the  residual  shear  strength  of  various  individual  shears  to  increase 
slightly  after  the  true  residual  has  been  reached.  The  residual  is  determined  in  this  manner 
(Le.,  local  minimum)  because  the  residual  has  been  defined  as  the  lowest  drained  strength 
exhibited  by  a  sample. 

This  definition,  which  eliminates  reference  to  the  deformation,  is  completely  unsatisfactory 
since  the  "lowest  drained  strength  exhibited  by  a  sample"  occurs  upon  initial  straining  on  the  wa., 
up  to  the  peak  strength. 

The  tendency  for  the  shear  stress  versus  deformation  curve  to  increase  after  an  apparent 
minimum  has  been  reached  is  attributed  by  the  investigators  to: 

...  a  more  undulated  failure  surface  which  is  formed  as  the  initial  flat  one  is  slowly  dis¬ 
turbed  and  remade  by  continued  cycles  of  forward  and  reverse  shears.  For  this  reason,  it 
is  necessary  to  measure  the  residual  soon  after  it  is  reached  in  each  test  if  the  same  type 
of  residual  is  to  be  determined  from  each  test. 

It  is  difficult  to  imagine  how  an  initially  flat  failure  plane  that  requires  a  minimum  amount  of 
work  to  produce  shear  displacement  will  be  transformed  to  some  other  shape  that  requires  more 
work.  As  will  be  shown  later,  no  test  performed  with  the  Harvard  rotation  shear  machine  exhibited 
this  phenomenon  of  increased  resistance  once  a  minimum  had  been  reached.  This  tendency  for  the 
residual  strength  to  Increase  beyond  a  certain  point  appears  to  be  peculiar  to  the  repeated  direct 
shear  test  and  may  be  due  to  some  uninvestigated  test  error. 

One  test  error  investigated  by  Herrmann  and  Wolfskill  was  the  friction  between  the  two 
Teflon-coated  halves  of  the  shear  box.  Tests  were  performed  to  evaluate  the  friction  coefficient  of 
Teflon  on  Teflon.  Figure  2-8  shows  the  results  of  these  tests.  The  shearing  resistance  versus  dis¬ 
placement  curve  displays  the  typical  "saddle"  shape  that  many  of  the  direct  shear  tests  on  soils 
exhibited.  This  shape  has  never  been  found  in  numerous  tests  on  Teflon  performed  on  the  Harvard 
rotation  shear  machine.  In  addition,  the  upper  limit  of  the  coefficient  of  friction  for  Teflon 
measured  in  the  M.  1.  T.  investigation  was  much  higher  than  the  values  obtained  with  the  Harvard 
rotation  shear  machine  (Section  S.9). 

Herrmann  and  Wolfskiil  state  that  their  first  objective  was  to  discover  the  most  expedient 
means  for  determining  the  residual  strength  of  a  soil.  And  they  conclude: 

The  rotation  shear  machine  ultimately  gave  correct  results,  but  by  far  the  most  expedient 
method  is  the  repeated  direct  shear  test.  It  is  more  expedient  in  terms  of  me  involved  as 
well  as  in  terms  of  being  a  much  less  involved  test  to  run. 

In  light  of  the  discussion  above  concerning  the  stress  versus  displacement  curves  obtained 
from  repeatedly  reversed  direct  shear  tests,  this  conclusion  hardly  seems  justified.  Furthermore, 
repeated  direct  shear  testa  typically  lasted  >0  to  40  days.  As  will  be  shown  in  subsequent  chapters, 
the  residual  strei^th  of  soil  at  a  vertical  stress  of  16  kg/sq  cm  can  be  satisfactorily  determined 
with  the  machine  designed  for  this  investigation  (Harvard  rotation  shear  machine)  in  S  to  6  days, 
including  the  time  required  to  consolidate  the  specimen  to  the  test  pressure.  The  process  of 
shearing  a  soil  continuously  In  one  direction  is  certainly  more  efficient  at  obtaining  the  residual 
state  than  the  back  and  forth  motion  used  in  repeatedly  reversed  direct  shear  tests. 

Placement  of  a  remolded  specimen  in  the  Harvard  rotation  shear  machine  is  no  more  in¬ 
volved  than  placing  a  remolded  specimen  in  a  direct  shear  machine.  Preparation  of  an  undisturbed 
annular  specimen  is  undoubtedly  more  difficult  than  placing  an  undisturbed  specimen  for  a  direct 
shear  box.  The  technique  for  trimming  annular  specimens  for  the  Harvard  rotation  shear  machine 
(Section  4.5)  worked  wry  well  on  the  London  clay  and  should  work  equally  well  on  any  homogeneous 
sttff-to-hard  clays.  The  trimming  of  an  undisturbed  disc-shaped  specimen  to  fit  the  Harvard 
rotation  shear  machine  is  easier  than  trimming  a  square  undisturbed  specimen  to  fit  a  direct  shear 
box. 


8 


Herrmann  and  Wolfskill  also  investigated  the  use  of  triaxial  tests  which  were  continued  to 
large  strains  and  of  triaxial  tests  on  specimens  which  had  a  pre-cut,  inclined  plane.  They  con¬ 
cluded  that  the  residual  strength  could  not  be  determined  with  either  of  these  two  types  of  triaxial 
tests. 

A  somewhat  different  repeatedly  reversed  direct  shear  test  has  been  used  by  Kenney  (1967) 
to  measure  residual  strengths.  Kenney's  tests  were  performed  on  remolded  soil  which  was  placed 
between  two  circular  porous  discs.  The  specimen  had  a  diameter  of  8  cm  and  an  initial  thickness 
of  about  3mm.  It  was  placed  at  a  moisture  content  exceeding  the  liquid  limit  and  was  confined  with 
a  ring  during  consolidation.  When  consolidation  was  complete,  the  confining  ring  was  removed  and 
the  sample  was  sheared  forward  and  backward  over  a  distance  of  2  mm  each  side  of  center.  The 
tests  were  performed  slowly  enough  to  assure  S-conditions. 

Figure  2-9  shows  the  only  stress  versus  displacement  curve  presented  by  Kenney,  replotted 
on  a  semi-log  plot.  The  shape  of  this  curve  gives  a  reasonably  well-defined  residual  strength.  It 
is  interesting  to  note  that  the  residual  shear  strength  appears  to  have  been  reached  at  a  total  dis¬ 
placement  of  only  1.4  cm. 

As  a  result  of  his  investigations,  Kenney  concluded  that: 

The  residual  strength  of  a  natural  soil  is  dependent  upon  mineral  composition  and,  to  a 

lesser  extent,  on  system  chemistry  and  magnitude  of  a  .  It  is  not  related  to  plasticity 

or  grain  size  of  the  soil,  nor  is  it  significantly  influenced  by  strain  rate. 

Details  of  the  test  procedures  used  for  determining  the  Atterberg  limits  and  grain  size  distribution 
are  not  given.  Hence,  Kenney's  conclusions  concerning  the  usefulness  of  these  two  parameters 
cannot  be  adequately  evaluated.  Furthermore,  the  usefulness  of  the  conclusion  that  the  residual 
strength  is  a  function  of  mineral  composition  should  be  questioned  because  of  the  difficulties 
encountered  in  using  X-ray  diffraction  tests  to  obtain  a  quantitative  clay  mineral  analysis.  Five 
techniques  of  calculating  amounts  of  clay  minerals  were  applied  by  Pierce  and  Siegel  (1969)  to  the 
same  sets  of  diffractograms  and  significantly  different  results  were  obtained.  The  authors  con¬ 
clude: 

No  uniformity  is  apparent  in  the  results  except  for  the  dominance  of  montmorillonite  which 

could  be  inferred  from  the  physical  aspects  of  the  samples. 

Results  of  rotation  shear  tests  used  to  determine  the  residual  strength  of  the  Boom  clay  have 
been  reported  by  de  Beer  (1967).  These  tests  were  performed  on  annular  specimens  with  an 
internal  diameter  of  4  cm,  an  external  diameter  of  8  cm,  and  a  height  of  1.8  cm.  De  Beer  presents 
a  typical  result  of  such  a  test  which  has  been  replotted  on  a  semi-log  plot  in  Fig.  2-10.  It  is  clear 
that  this  test  has  been  terminated  prematurely.  It  is  interesting  to  compare  these  data  with 
Tiedemann's  (1937)  data,  which  are  shown  on  a  semi-log  plot  in  Fig.  2-11.  Tledemann's  tests 
define  the  residual  strength  reasonably  well  although  further  displacement  would  be  desirable. 

2.4  SUMMARY 

The  concept  of  residual  shear  strength  or  the  "permanent  resistance"  of  a  soil  may  be  traced 
back  to  the  work  of  Collin  (1846).  Hvorslev  (1937)  made  a  significant  contribution  to  the  knowledge 
of  the  stress  versus  displacement  characteristics  of  clays  at  large  displacements.  An  important 
practical  step  was  made  by  Casagrande  (1949)  when  he  realized  that  a  heavily  overconsolidated, 
slickensided  soil  may  have  an  in  situ  shear  strength  approximating  the  residual  strength.  Hvorslev 
(1960)  pointed  out  that  the  large  displacements  attained  in  the  rotation  shear  machine  cause  orien¬ 
tation  of  the  clay  particles  which  results  in  slickensides. 

Skempton  (1964)  gave  new  impetus  to  the  study  of  residual  strength,  resulting  in  several 


major  research  programs  on  this  subject.  Unfortunately,  in  many  cases  the  residual  S  strength  has 
not  been  accurately  determined  in  previous  investigations  because  tests  were  stopped  before  the 
residual  strength  was  attained. 

This  review  indicates  that  a  testing  machine  and  an  efficient  test  procedure  needed  to  be 
developed  which  would  allow  the  large  displacements  necessary  to  unambiguously  define  the 
residual  S  strength  of  clays  in  order  to  investigate  factors  which  may  influence  this  strength. 
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CHAPTER  3 

DESIGN  OF  THE  ROTATION  SHEAR  MACHINE 

3.1  INTRODUCTION 

The  first  rotation  shear  machine  used  in  soil  mechanics  was  reported  in  1916  (U.S.  Bureau  of 
Standards,  1916).  It  was  not  until  the  early  1930's,  however,  that  the  rotation  shear  machine 
became  a  significant  research  tool  (Hvorslev,  1936,  1939;  Tiedemann,  1937;  Haefeli,  1938).  The 
early  rotation  shear  machines  were  stress-control  devices.  The  shape  of  the  stress -deformation 
curve  beyond  the  peak  strength  was  obtained  by  adjusting  the  shear  load  until  a  uniform  rate  of 
deformation  was  achieved.  These  early  rotation  shear  machines  have  been  discussed  by  Hvorslev 
(1939). 

In  1947,  Hvorslev  designed  and  built  a  sophisticated  rotation  shear  machine  capable  of  both 
stress-control  and  strain-control  loading  (Hvorslev  and  Kaufman,  1952).  Most  contemporary 
rotation  shear  machines  are  closely  patterned  after  his  basic  design. 

In  1965  a  strain-control  rotation  shear  machine  was  built  at  Harvard  to  study  the  residual 
shear  strength  of  soils  (Sembenelli  and  Ramirez,  1965).  It  consisted  of  a  shearing  unit  in  which  a 
disc-shaped  specimen  was  placed  between  a  stationary  lower  porous  disc  and  a  rotating  upper 
porous  disc.  Torque  was  applied  to  the  upper  porous  disc  by  the  cable  and  pulley  arrangement 
shown  in  Fig.  3-1.  Load  was  applied  by  the  hydraulic  jack,  and  the  rate  of  piston  travel  (and  thus 
the  rate  of  rotation  of  the  porous  disc)  was  controlled  by  means  of  a  micrometer  flow  valve  in  the 
hydraulic  fluid  system  of  the  jack.  The  resistance  offered  by  the  specimen  waB  measured  with  a 
proving  ring.  Normal  loads  were  applied  to  the  specimen  by  means  of  a  lever  system.  A  photo¬ 
graph  of  this  machine  is  shown  in  Fig.  3-2. 

A  re-evaluation  of  this  design,  in  1967  when  the  present  research  program  was  initiated,  led 
to  the  conclusion  that  a  new  rotation  shear  machine  should  be  built. 

3.2  GENERAL  DESCRIPTION 

The  new  rotation  shear  machine  is  comprised  of  four  basic  units: 

1.  The  shearing  unit  -  The  specimen  is  placed  into  the  shearing  unit  for  consolidation  and 
shearing.  The  machine  is  designed  to  test  disc-shaped  specimens  with  a  diameter  of  7.11  cm 
or  annular  specimens  with  an  O.D.  of  7.11  cm  and  an  I.D.  of  5.08  cm.  The  specimen  thickness 
may  vary  from  0.1  cm  to  2.5  cm.  Specimens  can  be  undisturbed  or  remolded. 

2.  Vertical  loading  system  —  A  dead  weight  loading  system  allows  a  maximum  vertical  stress 
oy,  of  100  kg/sq  cm  to  be  applied  to  thf  disc-shaped  specimen  and  200  kg/sq  cm  to  the 
annular  specimen. 

3.  Torque  application  —  Torque  is  applied  to  the  specimen  by  a  mechanical  transmission 
system  which  provides  ten  speeds  of  rotation  varying  from  one  revolution  in  43  min.  to  one 
revolution  in  28  days  (rates  of  peripheral  displacement  of  5.6  X  10'*  cm/min  to 

5.6  X  10'4  cm/min). 

$  -  - 

A  second  machine  has  been  built  which  allows  a  maximum  vertical  stress  of  25  kg/sq  cm  to  be 
applied  on  a  disc-shaped  specimen  and  50  kg/sq  cm  on  an  annular  specimen. 


4.  Moment  measuring  system  —  Two  force  transducers  located  in  the  shearing  unit  measure  a 

force  couple  from  which  the  shear  stresses  are  computed. 

The  design  of  each  of  these  basic  units  is  described  under  separate  headings. 

3.3  SHEARING  UNIT 

Figure  3-3  is  a  cross  section  of  the  shearing  unit  with  all  major  parts  numbered.  The  parts 

list  is  shown  in  Fig.  3-4.  A  photograph  showing  an  exploded  view  of  the  shearing  unit  is  shown  in 

Fig.  3-5  and  a  photograph  of  the  assembled  unit  is  shown  in  Fig.  3-6. 

$ 

The  shearing  unit  consists  mainly  of  a  turntable  (14),  two  loading  platens  (8)  containing 
porous  stainless  steel  discs  (9)  which  allow  drainage,  a  vertical  spacer  (7),  a  moment  transfer 
plate  (6)  and  a  top  plate  (1).  The  soil  specimen  which  is  radially  confined  by  a  ring  (10)  is  placed 
between  the  loading  platens.  The  specimen  is  sheared  by  rotating  the  lower  platen  which  is  fixed 
to  the  turntable  (14).  The  upper  platen,  vertical  spacer  and  moment  transfer  plate  form  a  rigid  unit 
containing  a  thrust  bearing  (20)  which  permits  the  unit  to  rotate  enough  to  activate  two  force  trans¬ 
ducers  (2)  whose  tips  contact  the  wings  of  the  moment  transfer  plate  (see  top  view  in  Fig.  3-3). 

The  transducers  are  held  in  transducer  clamps  (2)  which  are  screwed  into  the  top  plate.  The  top 
plate  is  prevented  from  rotating  by  two  adjustable  horizontal  restraining  arms  (4).  Contact  between 
the  restraining  arms  and  the  top  plate  is  made  through  precision  ball  bearings  which  allow  the  top 
plate  to  move  vertically  as  the  soil  specimen  consolidates  or  swells. 

Vertical  loads  are  transmitted  through  a  0.5-inch-diameter,  hardened  stainless  steel  ball  and 
loading  platen  to  the  top  plate. 

The  top  plate,  and  the  cyclindrical  part  of  the  moment  transfer  plate  are  made  of  aluminum  to 
reduce  weight.  All  other  parts  of  the  shearing  unit  are  Type  316  stainless  steel. 

The  turntable  is  provided  with  a  Lucite  reservoir  (13)  sealed  by  an  O-ring  (see  Figs.  3-3  and 
3-6).  The  flexible  wall  of  the  reservoir  is  split  vertically  at  one  location,  and  each  edge  of  the 
split  ring  is  reinforced  with  a  Lucite  block.  The  blocks  have  been  drilled,  and  one  of  them  tapped 
for  two  screws,  which  allow  the  ring  to  be  clamped  to  form  a  continuous  unit  (see  Fig.  3-6).  This 
permits  removal  and  installation  of  the  reservoir  while  a  test  is  in  progress. 

Three  miniature  extensometers  (0.01  mm/div)  may  be  attached  to  the  top  plate  to  measure 
any  tilting  of  this  plate  during  consolidation  or  shear.  One  such  tilt  dial  (18)  is  shown  in  Fig.  3-3. 
The  dial  has  a  vertical  stem  which  slides  into  the  top  plate  and  is  locked  into  position  by  means  of 
a  nylon-tipped  screw.  The  top  of  the  vertical  stem  is  threaded  so  that  the  dial  may  be  easily 
"zeroed"  by  turning  the  wingnut  at  the  top  of  the  stem. 

The  shearing  unit  has  been  designed  to  allow  the  radial  confining  ring  to  be  fixed  to  the  turn¬ 
table  (fixed  ring  configuration)  or  to  be  completely  independent  of  the  turntable  (floating  ring  con¬ 
figuration).  The  fixed  ring  configuration  is  achieved  by  supporting  the  confining  rings  on  three 
vertical  pins  (11).  Each  of  the  three  pins  is,  in  turn,  supported  on  the  inclined  plane  of  a  hori¬ 
zontal  support  pin  (12).  An  enlarged  detail  of  this  support  system  is  shown  in  Fig.  3-7.  Insertion 
or  extraction  of  the  horizontal  pin  results  in  vertical  movement  of  the  vertical  support  pin.  When 
the  pins  are  in  the  "up"  position  and  the  turntable  is  rotated,  the  pins  contact  the  sides  of  holes 
bored  in  the  bottom  of  the  confining  ring,  causing  it  to  rotate  with  the  turntable.  If  shearing  has 
been  started  with  the  confining  ring  in  the  floating  configuration  (vertical  pins  down),  one  must 
allow  sufficient  rotation  of  the  turntable  to  align  the  vertical  support  pins  with  the  holes  in  the 
confining  ring  before  raising  the  pins  to  fix  the  confining  ring  to  the  turntable. 

♦ 

Numbers  in  parentheses  refer  to  numbered  parts  on  Fig.  3-3  and  in  parts  list.  Fig.  3-4. 
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3.4  APPLICATION  OF  VERTICAL  STRESS 

The  vertical  stress  is  applied  to  the  specimen  by  means  of  a  loading  yoke  and  a  counter¬ 
balanced  lever  system.  A  lever  system  was  chosen  because  of  its  simplicity  and  reliability. 

Two  machines  have  been  built;  Machine  No.  1  utilizes  a  double  lever  system,  and  Machine 
No.  2  a  single  lever  system.  The  upper  lever  of  the  double  lever  system  has  a  ratio  of  10  to  1 
and  the  lower  lever,  with  two  weight  hangers,  gives  the  system  overall  ratios  of  20  to  1  and  40  to  1 
(see  Fig.  3-8).  The  upper  lever  (10  to  1)  has  a  vertically  movable  fulcrum  which  allows  it  to  be 
kept  in  a  horizontal  position  regardless  of  changes  in  specimen  thickness,  preventing  large  vertical 
movements  of  the  weight  hangers  when  testing  very  compressible  soils.  Provision  for  keeping  the 
upper  lever  level  improves  the  precision  of  the  lever  by  minimizing  the  effects  of  changing  friction 
at  the  fulcrum  as  a  result  of  rotation  of  the  knife  edge  on  their  bearing  blocks.  (The  lower  lever  of 
the  double  lever  system  does  rotate  on  its  fulcrum  but  the  forces  on  the  knife  edge  are  smaller  than 
those  on  the  upper  lever  and  hence  friction  is  not  as  important.)  The  lever  system  is  connected  to 
the  lower  beam  of  a  loading  yoke. 

The  maximum  vertical  stress  that  may  be  applied  with  the  double  lever  system  on  a  7.11-cm- 
diameter,  disc-shaped  specimen  is  100  kg/sq  cm  (200  kg/sq  cm  on  an  annular  specimen). 

The  single  lever  system  also  utilizes  a  vertically  adjustable  fulcrum  which  allows  the  lever 
to  be  leveled  during  a  test  (see  Fig.  3-9).  The  maximum  loads  that  may  be  applied  with  the  single 
lever  system  are  25  kg/sq  cm  and  50  kg/sq  cm  on  a  disc  and  annular  specimen,  respectively. 

Both  lever  systems  are  fabricated  of  2024-T4  aluminum  where  stress  will  allow,  to  minimize 
weight.  The  knife  edges  and  bearing  blocks  used  in  the  lever  system  are  case-hardened,  cold- 
rolled  steel.  Figure  3-10  shows  a  typical  knife  edge  and  bearing  block.  In  Machine  No.  1  the  heavy 
loads  imposed  by  the  knife  edge  on  the  lower  yoke  link  (see  Fig.  3-8)  required  the  link  to  be  fitted 
with  an  insert  of  oil-tempered  Ketos  tool  steel. 

The  loading  yokes  of  both  machines  are  entirely  2024-T4  aluminum  to  minimize  weight.  The 
loading  yoke  is  not  counterbalanced,  and  when  in  position  on  the  loading  ball  the  stress  applied  to  an 
annular  specimen  is  0.36  kg/sq  cm  for  Machine  No.  1  and  0.30  kg/sq  cm  in  the  case  of  Machine 
No.  2.  When  consolidating  soils  from  near  the  liquid  limit,  the  first  load  increment  is  achieved  by 
the  weight  of  the  upper  half  of  the  shearing  unit  and  upper  beam  of  the  loading  yoke  only,  which 
places  a  stress  of  0.19  kg/sq  cm  on  an  annular  specimen  in  Machine  No.  1  and  0.15  kg/sq  cm  in 
Machine  No.  2. 

The  shearing  unit  is  placed  in  the  machine  by  removing  the  upper  beam  of  the  loading  yoke. 
The  remainder  of  the  yoke  is  held  in  position  by  two  adjustable  clamps  on  the  vertical  rods  of  the 
yoke.  The  clamps  rest  on  guides  attached  to  the  base  plate  of  the  shearing  unit  when  they  support 
the  weight  of  the  loading  yoke.  Figure  3-11  shows  a  guide  and  a  clamp  when  not  supporting  the  yoke. 
The  guide  holes  have  a  diameter  1.5  times  the  diameter  of  the  yoke  rods  and  allow  the  yoke  to  be 
completely  unimpeded  during  the  appL cation  of  vertical  load. 

The  lever  system  was  tested  with  a  series  of  high  tensile  steel  proving  rings  and  the  accu¬ 
racy  was  found  to  be  approximately  0.1%  of  any  given  load  (Appendix  A).  The  actual  lever  ratios 
are  given  in  the  table  below. 


>jc 

Stresses  in  the  upper  lever  of  the  double  lever  system  require  this  lever  to  be  fabricated  from 
cold-rolled  steel. 
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Machine 

Design 

Measured 

Number 

Ratio 

Ratio 

1 

20:1 

19.92:1 

1 

40:1 

39.85:1 

2 

5:1 

4.99:1 

2 

10:1 

9.98:1 

Both  lever  systems  are  counterbalanced  by  means  of  a  second  lever  as  shown  in  Figs.  3-8 
and  3-9, 

3.5  TORQUE  APPLICATION 

The  turntable  of  the  shearing  unit  is  rotated  by  means  of  a  mechanical  transmission  train 
shown  schematically  in  Fig.  3-12  and  equipment  manufacturers  are  listed  in  Fig.  3-13.  The  syn¬ 
chronous  gear  motor  which  has  a  shaft  speed  of  15  rpm  and  an  output  torque  of  3.1  in.-lb  is  coupled 
to  the  input  shaft  of  a  ten-position,  adjustable  ratio  gear  reducer  giving  the  turntable  speeds  shown 
in  Fig.  3-12.  The  adjustable  gear  box  is  coupled  to  a  fixed-ratio  (30:1)  speed  reducer  which  is 

coupled  to  the  worm  rotating  the  turntable.  Maximum  reduction  from  the  motor  speed  of  1200  rpm 

6 

to  the  slowest  turntable  speed  is  48  X  10  to  1.  The  maximum  torque  available  at  the  shearing  unit 
is  1700  in.-lb  (equivalent  to  a  maximum  shear  stress  of  28  kg/sq  cm  on  an  annular  specimen). 
Figure  3-14  is  a  photograph  of  the  assembled  transmission  system. 

One  of  the  requirements  of  the  transmission  train  was  that  it  be  as  vibration  free  as  possible. 
To  reduce  the  amount  of  vibration  at  its  source,  several  gear  motors  were  tested  to  determine 
which  produced  the  least  vibration.  The  Globe  Industries  gear  motor  was  found  to  produce  much 
less  vibration  than  motors  manufactured  by  Bodine,  Inc.  and  Holtzer-Cabot  Company. 

To  reduce  vibrations  at  the  soil  specimen,  the  motor  and  adjustable  gear  box  are  mounted  on 
a  different  structural  frame  from  that  on  which  the  turntable  1b  mounted. 

In  order  to  achieve  smooth  rotation  of  the  turntable  (i.e.,  free  from  stick-slip),  final  gear 
reduction  is  achieved  by  two  double -throated  worm  gear  speed  reducers.  Double-throated  worm 
gearing  results  in  large  area  contact  on  all  gear  teeth  in  mesh  as  opposed  to  essentially  a  thin  band 
contact  on  standard  single-throated  worm  gears.  The  number  of  teeth  in  mesh  is  also  increased 
from  one  tooth,  as  in  the  standard  single-throated  worm  gears,  to  l/8  of  all  teeth  on  the  gear  for 
double -throated  gears.  This  results  in  a  larger  sliding  surface,  lower  sliding  pressure,  and 
smoother  operation  of  the  gears. 

To  check  for  smoothness  of  rotation,  the  speed  reducers  used  in  the  transmission  system 

were  tested  by  attaching  a  precision  pulley  to  their  output  shaft  and  hanging  a  weight  from  the 

periphery  of  the  pulley  by  means  of  a  thin  piano  wire.  Movement  of  the  weight  was  observed  with 

$ 

a  0.0001-inch  dial  gage.  Any  erratic  movement  of  the  shaft  would  be  clearly  reflected  by  the 
needle  of  the  dial  gage.  In  this  manner,  it  was  determined  that  common  cylindrical,  single- 
throated  worm  gears  were  unsatisfactory  because  of  a  stick-slip  type  movement  at  low  speeds  of 
rotation. 


This  test  also  led  to  an  evaluation  of  the  uniformity  of  movement  of  various  dial  gages.  Dial 
gages  made  by  Federal  Products,  Inc.,  Ames  Company,  Soiltest,  Inc.,  British  Indicators,  and 
Mercer  Company  (Great  Britain)  were  used.  Dial  gages  made  by  Federal  Products,  Inc.  were 
found  to  be  the  most  satisfactory. 


14 


Final  tests  for  precision  and  smoothness  of  operation  were  performed  after  the  transmission 
system  was  assembled.  A  precision  pulley  was  attached  to  the  worm  shaft  (see  Fig.  3-12)  and  the 
transmission  operated  at  all  speeds  and  under  varying  load  conditions.  The  system  was  found  to  be 
very  smooth  and  the  rate  of  rotation  so  precise  that  measurements  of  actual  peripheral  displace¬ 
ment  were  judged  unnecessary.  Displacements  are  determined  by  multiplying  elapsed  time  by  the 
rate  of  turntable  rotation. 

3.6  MOMENT  MEASURING  SYSTEM 

Shear  stresses  are  computed  from  the  geometry  of  the  test  specimen  and  the  moment  acting 
on  the  specimen.  The  forces  of  the  couple  which  prevent  rotation  of  the  upper  platen  are  measured 
by  two  Dynisco  force  transducers  located  in  the  top  plate  (as  shown  in  Figs.  3-3  and  3-15).  The 
moment  is  computed  by  multiplying  the  average  of  the  two  measured  forces  by  the  fixed  distance 
between  the  transducers. 

Ideally,  the  two  force  transducers  should  measure  identical  forces.  ThiB  is  not  always  the 
case,  because  the  compressibility  of  the  transducers  is  not  identical. 

When  the  two  transducers  are  not  measuring  identical  forces,  the  transducer  clamp  may  be 
screwed  into  or  out  of  the  top  plate  until  the  forces  are  equal.  Numerous  tests  have  been  performed 
where  the  initial  unequal  forces  were  recorded  and  then  the  forces  balanced  by  adjusting  the  trans¬ 
ducer  clamps.  The  moment  measured  in  both  cases  is  practically  identical. 

Transducers  with  maximum  force  ranges  of  5,  10,  25,  50,  100  and  300  lb  with  repeatibility 
of  0.1%  of  full  scale  output  are  available.  Judicious  selection  of  transducers  for  a  given  test  will 
allow  measurement  of  the  forces  at  the  residual  stal'  with  an  accuracy  of  approximately  0.1%  to 
0.3%  over  a  range  of  residual  shear  strengths  of  0.1  to  15.0  kg/sq  cm.  The  transducers  may  be 
changed  during  a  test  to  improve  precision  as  the  residual  strength  is  reached  and  the  forces 
decrease. 

The  force  transducers  have  a  sensitivity  of  approximately  3.5  millivolts  per  volt  of  excitation 
and  are  excited  by  a  precision  power  supply  at  6  volts  D.  C.  The  output  voltage  of  the  force  trans¬ 
ducers  is  displayed  by  digital  millivoltmeters  with  an  accuracy  of  0.05  millivolts  and  a  reading 
resolution  of  0.005  millivolts.  (For  a  clay  with  a  shear  resistance  of  6  degrees,  at  oy  = 

1.0  kg/sq  cm  the  output  voltage  of  a  10  lb  transducer  would  be  approximately  3  millivolts.) 

Initially,  transducer  outputs  were  passed  through  a  four-position  switching  box  which  allowed 
one  millivoltmeter  to  measure  the  output  of  four  transducers.  Use  of  a  second  millivoltmeter 
allows  the  two  transducers  of  a  single  test  to  be  observed  simultaneously.  The  switching  box  is 
designed  to  energize  all  four  transducers  continuously.  A  schematic  diagram  and  parts  list  of  the 
voltage  measuring  system  is  shown  in  Fig.  3-16.  A  photograph  of  the  system  is  shown  in  Fig.  3-17. 

)j( 

The  force  transducers  were  calibrated  by  application  of  lead  weights  to  a  loading  yoke  sus¬ 
pended  from  the  transducer  tip.  Several  loading-unloading  cycles  were  performed  over  a  period  of 
several  days  on  each  transducer.  The  output  voltage  versus  load  curve  for  any  given  transducer 
was  found  to  have  essentially  constant  shape  but  the  curves  would  be  displaced  along  the  voltage 
axis  because  of  zero  drift  in  the  transducers.  The  repeatibility  of  the  voltage  versus  load  curves 
for  a  given  transducer  was  determined  to  be  0.1%  of  full  scale  output  or  less  when  the  transducer's 
zero  load  reading  was  subtracted  from  the  readings  obtained  at  any  load.  The  linearity  of  the  cali¬ 
bration  curves  was  also  determined  to  be  0.1%  of  full  scale  output  or  less.  Details  of  a  typical 
transducer  calibration  are  given  in  Appendix  B. 

* 

The  lead  weights  used  for  calibration  were  weighed  on  a  Mettler  balance  to  assure  their  accuracy. 
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During  a  rotation  shear  test,  after  the  transducer  readings  have  been  recorded,  each  trans¬ 
ducer  clamp  is  screwed  out  of  the  top  plate  far  enough  to  break  contact  between  the  transducer  tip 
and  the  moment  transfer  plate  allowing  the  zero  load  reading  to  be  recorded.  This  allows  a  check 
on  the  operation  of  the  transducer  as  well  as  permitting  greater  accuracy  in  determining  the  force 

measured  by  each  transducer. 

* 

3.7  SPECIMEN  CONFINEMENT 

The  horizontal  boundaries  of  a  test  specimen  are  formed  by  the  rotating  lower  porous  disc 
and  the  stationary  upper  porous  disc.  The  outer  periphery  of  both  the  annular  and  disc-shaped 
specimens  is  confined  by  a  ring.  The  inner  periphery  of  the  annular  specimen  is  confined  by  a 
plastic  disc  which  slides  into  appropriate  recesses  in  the  upper  and  lower  loading  platens  (see 
Fig.  3-20). 

Initially,  loading  platens  were  made  of  0.5-inch-thick  Alundum  discs.  These  discs  proved 
unsatisfactory  because  they  were  broken  under  the  combined  vertical  and  shear  stresses  applied 
during  a  test. 

The  Alundum  discs  were  replaced  with  porous,  Type  316  stainless  steel  discs  manufactured 

by  Mott  Metallurgical  Corporation,  Hartford,  Connecticut.  The  porous  stainless  steel  discs  have 

o 

a  permeability  of  2  X  10  cm/sec  and  a  maximum  pore  size  of  40  microns.  Each  0.25-inch-thick 
disc  was  epoxied  to  a  solid  stainless  steel  disc  and  the  periphery  of  each  porous  disc  was  tapered 
to  prevent  binding  in  the  confining  ring  due  to  tilting.  A  radial  clearance  of  0.001  inch  was  desired 
between  the  leading  edge  of  the  porous  di  ic  and  the  inside  diameter  of  the  confining  ring.  Due  to 
difficulty  in  machining  the  porous  stainless  steel,  satisfactory  tolerances  in  the  radial  clearance 
could  not  be  achieved. 

The  disc-shaped  loading  platen  which  has  finally  been  adopted  is  shown  in  Fig.  3-18.  The 
porous  stainless  steel  disc  is  inset  in  the  stainless  steel  loading  platen.  This  allows  the  periphery 
of  the  loading  platen  to  be  coated  with  a  0.001 -inch-thick  layer  of  Teflon-S.  The  Teflon  on  the  lead¬ 
ing  edge  of  the  platen  is  then  machined  to  a  diameter  0.001  inch  smaller  than  the  confining  rings. 
The  periphery  of  the  porous  stainless  steel  disc  must  still  be  machined  but  the  radial  tolerances 
are  not  critical.  To  prevent  extrusion  of  the  specimen  into  any  annular  space  which  may  exist 
between  the  porous  disc  and  the  loading  platen,  kaolin  with  a  water  content  slightly  above  the  plastic 
limit  is  forced  into  any  annular  voids. 

Machining  the  periphery  of  the  porous  stainless  steel  disc  results  in  a  smear  zone  which  re¬ 
duces  the  horizontal  permeability  of  the  disc.  To  assure  sufficient  permeability,  the  discs  were 
pickled  in  a  solution  of  65  gm  ferric  chloride,  195  cc  of  35%  hydrochloric  acid,  and  5  cc  of  nitric 
acid.  Ten  minutes  of  pickling  at  room  temperature  was  sufficient  to  dissolve  enough  of  the  smear 
to  assure  adequate  horizontal  drainage.  After  pickling,  the  porous  disc  was  rinsed  in  distilled 
water  and  passivated  in  a  35%  solution  of  nitric  acid  at  room  temperature. 

Figure  3-19  shows  the  loading  platen  used  for  annular  specimens.  It  is  similar  to  the  disc¬ 
shaped  platen  except  that  the  center  has  been  bored  out  to  receive  a  Teflon  spacer  disc  which  forms 
the  inner  peripheral  boundary  of  the  annular  specimen  (see  Fig.  3-20).  The  spacer  disc  lias  a 
diameter  of  0.002  inch  smaller  than  the  inner  periphery  of  the  loading  platens.  Three  sliding  Teflon 
legs  are  fitted  into  the  bottom  of  the  disc.  The  height  of  the  spacer  disc  is  adjusted  by  turning  three 
screws  which  push  the  Teflon  legs  out  of  the  disc.  When  the  disc  is  in  position  and  extends  the 
desired  distance  above  the  lower  porous  disc,  the  remolded  clay  may  be  placed  in  the  annular  space 
provided  by  the  disc  and  the  confining  ring  (see  Fig.  3-21).  When  the  specimen  has  been  completed, 
the  three  screws  are  removed.  Adhesion  between  the  disc  and  the  clay  holds  the  disc  in  place  (the 
three  Teflon  legs  barely  support  the  weight  of  the  disc  itself).  The  spacer  is  free  to  move  vertically 
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as  the  soil  consolidates  while  supporting  almost  no  vertical  load. 

The  outer  periphery  of  the  test  specimen  is  confined  by  radial  rings.  To  force  failure  in  the 
center  of  the  specimen,  confining  rings  were  previously  split  horizontally  to  allow  one  half  of  the 
ring  to  rotate  while  the  other  half  remains  stationary,  forcing  failure  in  the  plane  of  the  horizontal 
separation.  Sembenelli  and  Ramirez  (1965)  designed  the  confining  rings  with  a  0.005-inch  clearance 
between  them,  maintained  by  steel  ball  bearings.  In  addition  to  establishing  the  0.005-inch  clear¬ 
ance,  the  ball  bearings  reduce  the  friction  between  the  rotating  upper  ring  and  the  stationary  lower 
ring.  Experience  with  this  confining  ring  showed  that  a  0.005-inch  clearance  allowed  excessive  soil 
extrusion  for  tests  carried  to  large  deformations. 

To  minimize  soil  extrusion  and  to  simplify  the  design  of  the  confining  rings,  it  was  decided  to 
use  split  confining  rings  with  zero  clearance  between  them.  Zero  clearance  between  the  two  halves 
of  the  confining  rings  introduces  two  related  problems.  First,  friction  between  the  soil  specimen 
and  the  confining  ring  reduces  oy  on  the  failure  plane.  Secondly,  the  load  placed  into  the  upper  half 
of  the  confining  ring  by  side  friction  is  transmitted  between  the  mating  surfaces  of  the  two  halves. 
When  the  lower  ring  rotates,  the  friction  on  the  mating  surfaces  causes  an  increase  in  the  measured 
moment.  While  these  two  errors  tend  to  cancel  each  other,  their  exact  effect  is  difficult  to  deter¬ 
mine  analytically.  The  absolute  value  of  both  errors  may  be  reduced  by  (1)  using  a  thin  test  speci¬ 
men,  and  (2)  reducing  the  coefficient  of  friction  between  the  specimen  and  the  confining  ring.  The 
standard  specimen  thickness  for  tests  using  split  confining  rings  was  chosen  as  6  mm.  For  most 
tests,  about  2  mm  of  the  specimen  will  extend  into  the  upper  half  of  the  confining  ring.  Friction 
between  the  soil  specimen  and  confining  ring  was  minimized  by  using  Teflon  confining  rings. 

A  detailed  analysis  of  the  error  in  oy  and  the  measured  moment  due  to  side  friction  is  pre¬ 
sented  in  Appendix  A.  Results  of  this  analysis  are  shown  below  for  an  annular  specimen  with 
r r/nv  =  0.10  (rr  =  residual  shear  strength,  oy  *  applied  vertical  stress)  and  a  coefficient  of 
friction  between  soil  and  Teflon  u  gT  of  0.10. 

=  °-98 

M  /M  -  0.02 
c'  r 

ov  =  vertical  stress  applied  to  the  top  of  the  specimen 

a'v  =  vertical  stress  on  failure  plane 

Mr  =  moment  due  to  shear  stress  on  failure  plane  (o^  =  0.98  ov) 

Mc  =  moment  due  to  friction  between  confining  rings 

Friction  between  the  two  halves  of  the  confining  ring  may  be  eliminated  by  temporarily  separating 
the  two  halves  of  the  ring  during  the  test  (Section  4.8).  The  transducer  readings  are  recorded 
before  and  after  separation,  giving  an  indication  of  the  moment  due  to  friction  between  the  rings. 

During  early  tests  at  vertical  stresses  of  4.0  kg/sq  cm  and  above,  soil  ext-  uded  between  the 
rings,  forcing  them  apart.  To  minimize  this  problem,  small  removable  Lucite  clamps  were  built 
to  fit  on  the  circumference  of  the  confining  rings,  limiting  their  separation  to  0.001  to  0.002  inch. 

To  prevent  soil  extrusion  between  the  Lucite  clamp  locations,  the  confining  rings  are  fabri¬ 
cated  from  Type  316  stainless  steel  with  a  0.003-inch-thick  coating  of  Teflon-S  bonded  onto  all  their 
surfaces. 

$  r  — 

Initially,  Teflon  rings  were  used  but  they  were  not  rigid  enough  to  prevent  soil  extrusion  between 

the  clamps. 
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As  previously  mentioned,  the  split  confining  ring  is  intended  to  permit  failure  in  the  center  of 
the  specimen.  It  was  found  that  if  the  specimen  was  not  pre-weakened  in  the  center  by  insertion  of 
a  thin  blade,  failure  would  not  occur  in  the  center  of  the  specimen  but  near  one  of  the  porous  discs. 
Early  tests  indicated  no  significant  difference  in  the  residual  strength  measured  in  tests  with  failure 
planes  in  the  center  of  the  specimen  or  within  O.S  to  1.00  mm  of  a  porous  disc. 

It  was  concluded  that  split  confining  rings  may  not  be  necessary  and  that  an  unsplit  confining 
ring  could  be  used.  Substitution  of  an  unsplit  confining  ring  would  greatly  simplify  the  test  pro¬ 
cedure. 

To  evaluate  the  difference  between  the  two  types  of  rings,  an  unsplit  confining  ring  (subse¬ 
quently  called  solid  ring)  was  made.  The  solid  ring  has  exactly  the  same  radial  dimensions  as  the 
split  confining  ring  and  is  7.5  mm  thick  and  made  of  Teflon.  When  a  7.5-mm-thick  solid  confining 
ring  is  used,  the  thickness  of  the  test  specimen  may  be  varied  by  controlling  the  height  of  the  verti¬ 
cal  support  pins.  Specimens  2mm,  3mm,  and  6mm  thick  have  been  used. 

The  test  errors  introduced  by  the  boundary  conditions  of  a  solid  confining  ring  are  also 
related  to  side  friction  between  the  specimen  and  the  ring.  An  analysis  of  this  error  is  presented  in 
Appendix  A  and  indicates  the  error  in  a  is  lower  when  solid  rings  are  used  because  the  failure 
plane  is  closer  to  the  upper  platen.  The  error  due  to  friction  between  the  two  halves  of  the  split 
confining  ring  is  eliminated,  but  an  error  due  to  friction  between  the  rotating  confining  ring  and  the 
stationary  portion  of  the  soil  specimen  is  introduced.  This  error  is  much  smaller  than  the  error 
due  to  friction  between  the  two  halves  of  the  split  ring  (Section  A. 4  and  Section  A. 5).  It  may  be 
eliminated  by  temporarily  raising  or  lowering  the  ring  during  a  test. 

Both  the  solid  and  split  confining  rings  are  designed  to  extend  below  the  top  of  the  lower 
platen  when  a  6-mm-thick  specimen  is  used  (see  Fig.  3-7).  This  permits  easy  centering  of  the 
confining  ring  in  spite  of  the  0.0005-inch  radial  clearance.  The  upper  platen  is  centered  on  the  soil 
specimen  by  means  of  a  0.125-inch-diameter  centering  pin  when  a  disc-shaped  specimen  is  used  as 
shown  in  Fig.  3-3.  When  an  annular  specimen  is  used,  the  center  spacer  initially  centers  the  upper 
platen  on  the  specimen. 

3.8  MEASUREMENT  OF  VERTICAL  DEFORMATION 

Measurement  of  vertical  deformation  during  consolidation  and  shear  may  be  made  with  four 
dial  gages.  A  central  dial,  graduated  in  units  of  0.0001  inch,  displays  movements  of  the  loading 
yoke  directly  above  the  center  of  the  specimen  (see  Fig.  3-22).  Three  tilt  dials,  graduated  in  units 
of  0.01  mm,  may  be  positioned  near  the  periphery  of  the  top  plate  as  shown  in  Fig.  3-3.  These 
three  dials  measure  the  change  in  distance  between  the  top  plate  and  the  turntable  and  are  intended 
to  allow  a  better  evaluation  of  volume  changes.  In  general,  these  tilt  dials  are  not  used  for  the 
following  reasons: 

1.  Soil  extrusion  was  usually  not  completely  prevented;  therefore,  accurate  volume  change 
measurements  are  not  possible. 

2.  The  tilt  dials  prevent  removal  of  the  Lucite  reservoir  during  shear  and  hence  obviate  the 
possibility  of  separating  the  split  confining  rings  or  raising  the  solid  confining  ring. 

The  central  dial  measures  the  compressibility  of  the  entire  shearing  unit  as  well  as  the  compressi¬ 
bility  of  the  soil.  Load  versus  apparatus  compressibility  curves  for  Machines  No.  1  and  No.  2  are 
given  in  Appendix  B. 


3.9  EVALUATION  OF  ROTATION  SHEAR  MACHINE 


To  periodically  check  the  overall  performance  of  each  rotation  shear  machine,  including  elec¬ 
tronic  components,  and  to  compare  the  two  machines,  a  "standard  specimen"  of  Teflon  is  used. 

This  standard  specimen  consists  of  two  rings  each  3  mm  thick,  with  an  O.  D.  of  7.11  cm  and  an  I.  D. 
of  5.08  cm.  The  two  rings  are  placed  in  the  shearing  unit  between  the  annular  loading  platens.  The 
lower  Teflon  ring  is  rotated  at  a  speed  of  1  rev/40  min  and  the  force  couple  required  to  prevent 
rotation  of  the  upper  Teflon  ring  is  measured. 

A  check  test  is  performed  at  a  single  vertical  stress  for  a  given  set  of  transducers.  The  test 
is  continued  until  one  complete  revolution  of  the  lower  Teflon  ring  is  achieved.  Usually,  six  pairs 
of  transducer  readings  are  taken  during  this  single  revolution. 

Figure  3-23  is  a  plot  of  r  (average  shear  stress)  versus  a  obtained  with  the  Teflon  rings  in 
Machine  No.  1  and  in  Machine  No.  2.  These  tests  were  performed  usi  ig  transducers  with  a  maxi¬ 
mum  allowable  force  of  10  lbs.  The  data  show  no  significant  difference  between  the  two  machines. 
These  results  indicate  that  xa/ crv  decreased  from  0.049  to  0.037  as  ay  increased  from  1.0  to 
12.0  kg/sq  cm.  The  mating  surfaces  of  the  air-dried  Teflon  rings  used  in  these  tests  were  not 
polished  or  cleaned  chemically  but  simply  wiped  off  before  placing  the  rings  for  each  test.  The 
ambient  relative  humidity  was  approximately  70%  and  the  temperature  was  26  degrees  C 
±0.5  degree. 

Results  of  using  the  Teflon  rings  to  determine  r  /5  at  a  vertical  stress  of  12.0  kg/sq  cm 
with  different  sets  of  transducers  are  shown  below: 


Maximum  Transducer  Load  -  lbs 


CHAPTER  4 


TEST  PROCEDURE 


4.1  SOIL  PREPARATION 

The  manner  in  which  each  of  the  soil#  used  in  this  research  was  remolded  la  related  to  it* 
undisturbed  condition.  Therefore,  the  Mails  of  each  remoldii^  procedure  are  presealed  together 
with  the  soil  description  in  the  chapters  containing  the  data  for  that  soli. 

In  all  cases,  the  materials  were  remolded  with  distilled  water  to  the  liquid  limit  and  then  air* 
dried  to  a  water  content  which  allowed  them  to  be  easily  placed  into  the  confining  ring  For  the 
soils  used  in  this  investigation,  a  placement  water  content  equivalent  to  a  liquidity  tndei  from  0.4 
to  0.9  has  been  satisfactory. 

No  advance  preparation  is  required  when  testing  undisturbed  materials  other  than  obtaining  a 
sufficiently  large,  intact  sample  to  be  trimmed  to  fit  the  confining  ring. 

4.2  APPARATUS  PREPARATION 

When  the  rotation  shear  machine  is  initially  assembled,  the  shearing  unit  is  in  place  to  permit 
proper  vertical  positioning  of  the  loading  yoke.  Subsequently,  the  loading  yoke  is  hek>  in  position  by 
the  yoke  clamps.  To  prepare  for  a  test,  proceed  as  follows: 

1.  Remove  the  upper  beam  from  the  loading  yoke  (see  Fig.  4-1). 

2.  Install  the  annular  or  disc -shaped  loading  platens  on  the  turntable  and  spacer. 

3.  Insert  the  turntable  In  the  worm  gear  hub. 

4.  Place  a  dummy  specimen  on  the  lower  loading  platen  and  assemble  the  remainder  of  the 
shearing  unit,  excluding  transducers.  In  order  to  permit  the  top  of  the  confining  ring  to 
extend  above  the  top  of  the  soil  specimen  during  a  test,  it  is  recommended  thst  the  speci¬ 
men  thickness  does  not  exceed  3  mm  when  using  T.S-mm-thlck  confining  rings 

5.  Place  the  upper  beam  of  the  loading  yoke  on  the  loud  transfer  ball  and  tighten  the  upper 
nuts  on  the  yoke  rods  to  secure  the  upper  beam.  Release  the  yoke  clamps 

8.  Level  the  loading  lever  by  adjusting  the  screw  jack  of  the  movable  fulcrum  (refer  to 

Pig.  3-8).  The  counterbalance  lever  should  be  approximately  horiwalsl  when  the  loading 
lever  has  been  leveled,  which  is  achieved  by  turning  the  turnbuckle  which  connects  the  too 
levers.  If  the  previous  test  was  performed  on  s  specimen  of  the  same  thickness  as  thst  for 
the  test  being  planned,  steps  4  to  8  can  be  omitted. 

7.  Align  the  top  plate  so  that  the  restraining  arm  bearing  surfaces  s re  perpendicular  to  the 
restraining  arms.  Adjust  the  restraining  arms  until  the  ball  bearing  tips  past  mint  the 
bearing  surfaces. 

8.  Lock  the  yoke  clamps,  remove  the  upper  beam  of  the  loading  yoke  and  remove  the  shearing 
unit. 

9.  Set  the  ratio  on  the  adjustable  gear  boa  to  obtain  the  desired  rste  of  peripheral  displacement 
Start  the  motor  and  allow  It  to  operate  for  a  short  time  to  remove  any  slack  in  the  trans¬ 
mission  system 
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10.  Place  the  desired  confining  ring  on  the  three  vertical  support  pins  (the  heads  of  the  screws 
which  hold  the  two  halves  of  the  split  confining  ring  together  must  be  on  top)  and  adjust  the 
height  of  the  pins  to  obtain  the  desired  specimen  thickness.  A  depth  gauge  such  as  shown  in 
Fig.  4-2  works  very  well  for  this  purpose. 

11.  If  an  annular  specimen  is  to  be  used,  the  Teflon  center  spacer  should  be  placed  in  the  lower 
loading  platen  and  the  three  elevation  screws  adjusted  until  the  top  surface  of  the  spacer  is 
level  and  extends  about  2  mm  above  the  confining  ring.  A  centering  pin  is  placed  after  the 
elevation  of  the  disc  has  been  set. 

12.  Coat  the  lower  l/4  inch  of  the  inner  periphery  of  the  Lucite  reservoir  with  stopcock  grease. 

13.  Take  the  turntable,  with  the  confining  ring  in  position,  to  a  humid  room  to  place  the  specimen. 
The  porous  discs  of  the  loading  platens  should  be  kept  dry. 
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4.3  SPECIMEN  PLACEMENT  -  REMOLDED 

1.  The  remolded  soil  is  placed  in  the  confining  ring  in  small  amounts  with  a  flexible  steel 
spatula  until  the  surface  of  the  porous  disc  is  completely  covered  with  a  layer  of  soil  about 

1  mm  thick.  A  4 -inch  flexible  spatula  is  bowed  with  3  mm  to  6  mm  of  its  tip  against  the  soil 
as  shown  in  Fig.  4-3.  (A  1.8-cm-wide  spatula  is  used  with  disc-shaped  specimens,  and  a 
spatula  with  a  0.8-cm  width  is  used  with  annular  specimens.)  The  spatula  is  pulled  across 
the  soil  surface  while  the  blade  is  repeatedly  flexed  vertically.  This  action  helps  to  obtain  a 
uniform,  air-free  specimen.  The  process  is  repeated  until  the  confining  ring  is  completely 
filled.  Special  care  must  be  taken  to  assure  that  no  voids  exist  along  the  periphery  of  the 
confining  ring  or  near  the  centering  pin  (or  the  center  spacer  if  annular  specimens  are  being 
prepared). 

2.  The  top  surface  of  the  specimen  is  leveled  by  slowly  pulling  a  stiff-backed  straight  edge 
across  the  surface,  using  the  top  of  the  confining  ring  as  a  guide  as  shown  in  Fig.  4-4.  If  an 
annular  specimen  is  being  formed,  the  periphery  of  the  center  spacer  may  be  cleaned  with  a 
sharp  pointed  knife  held  vertically  and  pulled  around  the  spacer  periphery  as  shown  in 

Fig.  4-5.  After  the  periphery  of  the  center  spacer  is  cleaned,  the  centering  pin  and  the  ele¬ 
vating  screws  are  removed. 

3.  If  a  split  confining  ring  is  being  used,  t.nree  or  more  Lucite  C-clamps  should  be  placed 
around  the  periphery  of  the  rings  and  thert  the  screws  holding  the  ring  together  should  be 
removed. 

4.  Place  the  reservoir  in  position  and  snap  it  over  the  O-ring  in  the  turntable.  The  specimen 
is  now  ready  to  be  placed  in  the  machine  for  consolidation. 


4.4  SPECIMEN  PLACEMENT  -  UNDISTURBED  DISC 

The  apparatus  preparation  for  performing  tests  on  undisturbed  specimens  is  as  described  in 
Section  4.2  with  one  additional  step.  After  the  height  of  the  support  pins  has  been  set  (Step  9  of 
Apparatus  Preparation),  the  confining  ring  is  lifted  off  the  pins. 

Tests  in  this  investigation  were  generally  performed  on  2-mm-thick  undisturbed  specimens. 

Trimming  a  heavily  overconsolidated  clay  which  is  brittle  and  may  have  weak  zones  is  a  very 
tedious  job.  To  minimize  error  due  to  fatigue,  the  first  two  steps  of  the  test  procedure  presented 
below  are  usually  performed  one  day  before  the  final  trimming. 
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1.  A  disc  of  soil  about  twice  the  desired  specimen  thickness  and  with  a  diameter  of  1  cm  larger 
than  the  specimen  is  carefully  trimmed  from  the  undisturbed  block.  A  specimen  may  also  be 
trimmed  from  a  sample  taken  with  a  3 -inch  sampling  tube  in  which  case  the  diameter  of  the 
sample  is  only  slightly  larger  than  the  diameter  of  the  specimen.  In  either  case,  the  top  and 
bottom  surfaces  of  the  soil  disc  must  be  trimmed  flat  and  practically  parallel. 

2.  After  the  soil  disc  is  trimmed  flat,  the  diameter  of  the  disc  should  be  carefully  trimmed  until 
it  is  about  2  mm  larger  than  the  specimen.  This  is  acc  implished  by  placing  the  disc  of  soil 
on  a  glass  plate  and  placing  a  plastic  plate  with  a  diameter  2  mm  larger  than  the  specimen  on 
top  of  the  disc  as  a  guide.  The  diameter  of  the  soil  disc  is  reduced  by  carefully  shaving  small 
amounts  of  soil  from  its  periphery  with  a  sharp  knife.  It  is  helpful  to  apply  a  slight  pressure 
to  the  top  surface  of  the  specimen  by  pressing  down  on  the  plastic  disc.  The  disc  also  helps 
minimize  the  loss  of  moisture  during  this  phase  of  trimming. 

3.  Place  the  confining  ring  upside  down  in  a  soil  lathe  and  center  the  soil  disc  on  the  ring.  Care¬ 
fully  reduce  the  diameter  of  the  disc  with  a  trimming  tool.  The  confining  ring,  in  position  on 
the  lathe,  and  the  trimming  tool  are  shown  in  Fig.  4-6.  The  trimming  tool  is  designed  to  trim 
the  soil  disc  to  a  radius  0.002  inch  larger  than  the  inside  diameter  of  the  ring. 

4.  When  the  diameter  of  the  soil  disc  just  above  the  confining  ring  has  been  trimmed  to  the 
proper  size,  place  the  plastic  disc  on  top  of  the  soil  and  press  down  gently  to  force  the  speci¬ 
men  into  the  ring,  being  careful  not  to  tilt  the  specimen. 

5.  Continue  trimming  until  the  specimen  protrudes  below  the  bottom  of  the  confining  ring. 
Observe  the  stratification  and  inhomogeneities  that  become  apparent  during  trimming  and 
record  them. 

6.  Determine  the  water  content  of  those  trimmings  from  the  periphery  of  the  sample  which  are 
representative  of  the  soil  in  the  confining  ring. 

7.  Carefully  cut  away  the  excess  soil  above  the  specimen.  It  is  usually  preferable  to  maintain  a 
greater  thickness  of  soil  over  the  center  of  the  specimen  by  starting  at  the  periphery  and 
working  toward  the  center.  Using  a  sharp,  stiff  straight-edge,  trim  the  specimen  exactly 
flush  with  the  ring. 

8.  Place  a  glass  plate  on  top  of  the  specimen  and  look  through  the  plate  to  be  sure  that  the 
surface  of  the  specimen  is  exactly  flat  and  flush  with  the  top  of  the  ring. 

9.  Remove  the  confining  ring  and  soil  from  the  lathe,  invert  the  ring  and  place  the  trimmed 
surface  of  the  specimen  on  the  lower  loading  platen.  Carefully  center  the  specimen  until  the 
confining  ring  may  be  pushed  down  away  from  the  top  of  the  specimen,  into  position  on  the 
three  vertical  support  pins  (the  height  of  the  pins  has  been  previously  established  during  the 
apparatus  preparation). 

10.  Trim  the  top  of  the  specimen  extending  above  the  confining  ring  as  described  in  Step  7  above. 

11.  Repeat  Step  8  to  check  the  top  surface.  Figure  4-7  shows  the  completely  trimmed  disc. 

12.  Place  the  reservoir  in  position  and  snap  it  over  the  O-ring  in  the  turntable. 


The  diameter  of  the  disc  is  initially  1  cm  larger  than  the  specimen  to  allow  for  any  broken  edges 
which  may  occur  while  trimming  the  top  and  bottom  surfaces  flat. 
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4.5  SPECIMEN  PLACEMENT  -  UNDISTURBED  ANNULUS 

The  following  procedure  has  only  been  used  to  trim  undisturbed  annular  specimens  from  the 

London  clay  which  is  a  very  easy  soil  to  trim.  The  procedure  may  require  modification  if  other 

clays  are  tested.  The  annular  specimens  trimmed  for  this  research  were  2  mm  and  3  mm  thick. 

Proceed  as  follows. 

1-8.  Identical  with  Steps  1  through  8  as  described  in  Section  4.4. 

9.  Remove  the  confining  ring  and  soil  from  the  lathe,  invert  the  ring,  and  place  the  trimmed 
surface  of  the  specimen  on  a  glass  plate. 

10.  Trim  the  top  of  the  specimen  extending  above  the  confining  ring  as  described  in  Step  7  above. 

11.  Repeat  Step  8  to  check  the  top  surface. 

12.  Place  the  confining  ring  and  specimen  between  the  brass  trimming  clamp  as  shown  in  Fig.  4-8 
and  tighten  the  clamping  screws. 

13.  Begin  trimming  the  unsupported  portion  of  the  soil  disc  by  boring  a  hole  in  the  center  with  a 
sharp  pointed  knife.  Continue  the  trimming  of  the  soil  by  working  from  the  center  of  the  disc 
to  the  inner  periphery  of  the  brass  rings. 

14.  Remove  the  clamping  screws  and  separate  the  brass  rings  by  sliding  them  off  the  confining 
ring.  Figure  4-9  shows  a  soil  specimen  at  this  stage  of  the  procedure. 

15.  Place  the  specimen  on  the  lower  loading  platen,  carefully  centering  the  specimen.  Push  the 
confining  ring  down  away  from  the  top  of  the  specimen  into  position  on  the  three  vertical 
support  pins  (the  height  of  the  pins  has  been  previously  established  during  the  apparatus 
preparation). 

16.  Insert  the  Teflon  center  spacer  into  position.  The  top  of  the  spacer  should  protrude  about 
1  mm  above  the  top  of  the  soil  annulus. 

17.  Carefully  trim  the  top  of  the  specimen  extending  above  the  confining  ring,  maintaining  a 
greater  thickness  of  soil  at  the  center  spacer.  When  the  top  surface  of  the  soil  annulus  is 
nearly  flush  with  the  confining  ring,  remove  the  crater  spacer. 

18.  Using  a  sharp,  stiff  straight-edge,  trim  the  specimen  exactly  flush  with  the  confining  ring. 
The  straight-edge  should  be  placed  at  the  center  of  the  specimen  ind  pulled  to  the  outer 
periphery. 

19.  Insert  the  center  spacer  into  position.  It  may  be  necessary  to  trim  the  inner  circumference 
of  the  soil  annulus  by  guiding  the  point  of  a  knife  around  the  bore  of  the  lower  platen. 

20.  Remove  the  centering  pin  and  the  elevating  screws  from  the  center  spacer. 

21.  Place  the  reservoir  in  position  and  snap  it  over  the  O-rlng  in  the  turntable. 

The  specimen  is  now  ready  to  be  placed  in  the  machine  for  consolidation. 


When  a  5-mm-thick  specimen  is  to  be  used,  the  specimen  will  protrude  1  mm  above  the  confining 
ring. 
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4.6  CONSOLIDATION 

1.  Place  the  turntable  with  the  soil  specimen  in  the  worm  gear  hub. 

2.  The  upper  platen  and  the  moment  transfer  plate,  as  a  unit,  should  be  placed  on  the  surface  of 
the  specimen,  aligning  the  "wings"  of  the  moment  transfer  plate  parallel  to  the  horizontal 
restraining  arms  (visual  alignment  is  sufficient).  See  Fig.  4-10. 

3.  Raise  the  confining  ring  by  pushing  the  horizontal  support  pins  all  the  way  in.  This  centers 
the  upper  loading  platen  on  the  specimen  as  well  as  confining  the  entire  specimen  within  the 
ring. 

4.  Insert  a  6-inch-long  centering  pin  into  the  bushing  of  the  moment  transfer  plate  and  use  it  as 
a  guide  to  slide  the  top  plate  into  position  as  shown  in  Fig.  4-11.  The  top  plate  will  also  be 
aligned  by  the  ball  bearing  tips  of  the  horizontal  restraining  arms.  When  the  top  plate  is 
seated  on  the  thrust  bearing  of  the  moment  transfer  plate,  remove  the  6-inch-long  centering 
pin  and  position  the  load  transfer  ball  and  the  upper  beam  of  the  loading  yoke. 

5.  The  beam  which  supports  the  central  vertical  dial  should  be  placed  on  the  vertical  posts  and 
the  dial  zeroed  by  adjusting  the  nuts  on  which  the  support  beam  rests.  Placing  the  upper  half 
of  the  shearing  unit  in  position  should  be  accomplished  as  quickly  as  possible,  since  zero  time 
for  the  load  increment  added  by  the  weight  of  these  parts  must  be  taken  as  the  time  the  verti¬ 
cal  dial  is  in  position  and  zeroed.  (This  operation  takes  about  one  minute.)  When  testing 
remolded  specimens,  the  reservoir  should  be  filled  with  distilled  water  as  soon  after  zero 
time  as  possible.  When  testing  undisturbed  soils,  only  enough  water  is  added  to  the  reser¬ 
voir  to  bring  the  water  surface  just  below  the  drain  holes  in  the  lower  platen.  The  annular 
space  between  the  top  of  the  reservoir  wall  and  the  upper  platen  should  be  covered  with 
plastic  to  minimize  loss  of  moisture  from  the  soil. 

6.  When  the  time  curve  for  the  initial  load  on  the  remolded  specimens  has  developed  a  well- 
defined  secondary  branch,  the  weight  of  the  loading  yoke  is  placed  on  the  specimen  by  releas¬ 
ing  the  yoke  clamps.  To  apply  the  load  uniformly,  one  yoke  clamp  is  released  but  the  yoke 
rod  is  held  in  position  manually  until  the  second  clamp  is  released. 

7.  Due  to  the  consolidation  which  takes  place  under  the  initial  load  increments,  the  load  transfer 
link  between  the  loading  yoke  and  the  lever  system  will  have  moved  away  from  the  knife  edge 
(Fig.  3-8).  Before  subsequent  loads  are  applied  by  adding  weight  to  the  hangers,  the  movable 
fulcrum  should  be  lowered  until  the  knife  edge  just  contacts  the  load  transfer  link. 

8.  If  the  test  is  to  be  performed  with  "floating"  confining  rings,  the  vertical  pins  which  srpport 
the  ring  should  be  lowered  by  extracting  the  horizontal  pin  in  the  turntable. 

9.  Increase  oy  to  0.5  kg/sq  cm  by  placing  the  necessary  lead  weight  on  the  hanger.  The  remain¬ 
ing  load  increments  are  applied  using  A  =  1  when  possible.  Each  load  increment  is  left 

on  until  the  time  curve  has  developed  a  well-defined  secondary  branch. 

10.  When  testing  undisturbed  soils,  the  load  increments  should  be  placed  on  the  specimen  rapidly 
(approximately  10-minute  intervals)  until  the  load  at  which  the  test  is  to  be  performed  or  the 
known  preconsolidation  load  is  reached.  The  reservoir  should  then  be  filled  and  changes  in 
specimen  thickness  recorded  until  a  well-defined  secondary  branch  is  recorded. 
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4.7  PRECUTTING  THE  SOIL  SPECIMEN 

If  failure  is  desired  in  the  middle  of  the  specimen,  it  is  necessary  to  precut  the  specimen  on 

a  horizontal  plane  passing  between  the  two  halves  of  the  split  confining  ring.  This  is  accomplished 

after  the  specimen  has  been  consolidated  to  the  effective  stress  at  which  the  test  is  to  be  performed. 

The  details  of  the  procedure  are  as  follows: 

1.  Remove  the  water  from  the  reservoir  by  means  of  a  syringe  or  syphon;  then  remove  the 
Lucite  reservoir  wall  by  unscrewing  the  two  clamping  screws  and  spreading  the  flexible 
reservoir  until  it  can  be  slid  off  the  turntable.  Record  the  vertical  dial  reading. 

2.  Remove  the  C-clamps  and  separate  the  two  halves  of  the  confining  ring  slightly  by  inserting 
the  edge  of  a  razor  blade  between  them,  A  0.003-inch-thick  steel  blade  is  then  inserted  be¬ 
tween  the  rings  into  the  soil  specimen;  a  0.003-inch-thick  feeler  gage  has  also  been  used 
successfully  to  precut  the  specimen  (see  Fig.  4-12). 

3.  When  the  blade  has  been  inserted  around  the  entire  periphery  of  the  specimen,  the  upper 
confining  ring  is  lowered  to  contact  the  lower  confining  ring.  The  upper  ring  is  rotated  as 
it  is  lowered  by  inserting  the  small  brass  tools  shown  in  Fig.  4-13  into  the  holes  provided 
in  the  top  surface  of  the  upper  confining  ring  and  applying  a  horizontal  couple  as  well  as  a 
vertical  force. 

4.  Install  the  Lucite  C-clamp  on  the  periphery  of  the  split  confining  rings.  Replace  the  reser¬ 
voir  and  refill  it  with  distilled  water. 

5.  Vertical  dial  readings  should  be  recorded  until  they  indicate  only  secondary  compression  is 
occurring. 


4.8  SHEARING  THE  SPECIMEN 

At  some  stage  during  the  secondary  compression  branch  of  the  time  curve  of  the  final  load 
increment  (and  after  precutting,  if  this  has  been  done),  the  transducers  must  be  screwed  into  the 
top  plate.  The  transducers  should  be  installed  at  least  one-half  hour  before  the  start  of  shearing 
to  allow  sufficient  warm-up  time  for  the  electronic  equipment. 

1.  Screw  one  transducer  into  the  top  plate  just  far  enough  to  contact  the  wing  of  the  moment 
transfer  plate.  It  may  be  necessary  to  back  the  horizontal  restraining  arms  away  from  the 
top  plate  so  the  top  plate  will  move  slightly  when  the  first  transducer  has  just  contacted  the 
moment  transfer  plate.  Connect  the  transducer  cable  to  the  switching  box  and  turn  on  the 
digital  millivoltmeter.  Contact  between  the  transducer  probe  and  the  moment  transfer  plate 
will  now  be  indicated  by  the  millivoltmeter. 

2.  Install  the  second  transducer  until  it  just  contacts  the  moment  transfer  plate.  Connect  this 
transducer  cable  to  the  switching  box  and  turn  on  the  second  millivoltmeter. 

3.  Adjust  the  horizontal  restraining  arms  until  they  just  touch  their  respective  bearing  surfaces 
in  the  top  plate.  By  very  small  adjustments  of  the  transducers  and  horizontal  restraining 
arms,  one  can  quickly  have  all  four  of  these  units  barely  touching  their  respective  bearing 
surfaces.  When  the  system  has  been  properly  adjusted,  slight  finger  pressure  applied  to  the 
top  of  either  vertical  post  supporting  the  horizontal  restraining  arms  will  be  immediately 
reflected  by  both  transducers. 
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4.  Just  before  shearing  is  started,  the  zero  load  readings  for  each  transducer  should  be 
obtained  by  temporarily  backing  each  force  transducer  out  of  the  top  plate  just  far  enough  to 
break  contact  between  the  transducer  tip  and  the  moment  transfer  plate. 

5.  Level  the  lever  system  if  necessary  and  record  the  vertical  dial  reading.  Check  that  the 
adjustable  gear  box  has  been  set  for  the  desired  ratio  of  peripheral  displacement. 

6.  Start  the  motor  to  begin  shear;  at  the  first  sign  of  increased  voltage  on  the  millivoltmeters, 
note  the  starting  time.  Readings  of  both  transducers  should  be  recorded  at  intervals  which 
clear!  define  the  shape  of  the  average  shear  stress  versus  log  displacement  curve. 

Ree  igs  of  the  central  vertical  dial  should  be  recorded  at  elapsed  time  of  0.1,  0.25,  and 
.j  minutes  and  immediately  after  the  transducer  readings  are  recorded. 

7.  During  those  phases  of  the  test  when  volume  changes  are  large  the  lever  must  be  releveled 
by  adjusting  the  movable  fulcrum. 

When  the  split  confining  rings  are  being  used,  the  Lucite  C-clamps  are  not  removed  until  the 
shear  stress  versus  displacement  curve  is  horizontal.  At  that  time,  transducer  readings  with  and 
without  the  C-clamps  are  recorded  in  the  following  manner. 

8.  Remove  the  water  from  the  reservoir  and  then  the  reservoir  wall.  Record  the  transducer 
readings  and  the  central  vertical  dial  with  the  C-clamps  in  position.  Remove  the  C-clamps 
and  separate  the  split  confining  rings  by  inserting  the  edge  of  a  razor  blade  between  them. 
Record  the  transducer  readings  at  suitable  intervals  until  the  force  couple  begins  to  decrease. 
Then  lower  the  upper  half  of  the  confining  ring  and  rotate  it  to  seat  it  completely  (forcing 
most  of  the  soil  out  from  between  the  rings).  Replace  the  C-clamps  and  reinstall  and  fill  the 
reservoir.  The  central  vertical  dial  reading  should  be  recorded  during  separation  of  the 
rings  along  with  the  transducer  readings,  and  after  the  reservoir  has  been  reinstalled. 

When  the  solid  confining  ring  is  used,  it  is  left  in  position  until  the  shear  stress  versus  dis¬ 
placement  curve  is  horizontal.  The  confining  ring  may  then  be  lifted  off  the  vertical  support  pins 
to  eliminate  any  friction  caused  by  the  ring. 

8a.  Remove  the  water  from  the  reservoir  and  then  the  reservoir  wall.  Record  the  transducer 

readings  and  the  vertical  dial  reading.  Raise  the  confining  ring  above  the  specimen  and  let  it 
rest  on  the  top  platen  just  above  the  specimen.  Record  the  transducer  readings  and  central 
vertical  dial  at  suitable  intervals  until  the  force  couple  begins  to  decrease.  The  force  couple 
generally  begins  to  decrease  in  2  to  4  minutes,  and  there  is  a  sufficient  film  of  water  on  the 
periphery  of  the  specimen  to  prevent  it  from  drying.  If  the  ring  is  to  be  left  off  the  specimen 
for  a  longer  period  of  time,  the  periphery  of  the  specimen  can  be  kept  moist  by  placing  water 
on  the  confining  ring  and  allowing  it  to  fall  between  the  ring  and  the  platen  over  the  periphery 
of  the  specimen.  When  the  moment  begins  to  decrease,  lower  the  confining  ring  back  into 
position  and  replace  the  reservoir. 

In  addition  to  eliminating  friction  due  to  the  confining  ring,  the  techniques  described  in  Steps 
8  and  8a  introduce  an  error  due  to  stress  changes  at  the  specimen  boundary.  A  complete  discussion 
of  these  effects  on  the  measured  residual  strength  is  presented  in  Appendix  A. 

In  many  cases,  it  is  desirable  to  determine  the  shear  strength  of  a  single  test  specimen  at 
several  different  vertical  stresses.  When  the  residual  strength  has  been  clearly  defined  at  a  given 
vertical  streSw,  the  vertical  stress  is  increased  by  adding  the  necessary  weight  to  a  hanger  and  the 
test  continued  until  the  residual  strength  is  defined  at  this  new  vertical  stress. 
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4.9  DATA  ACQUISITION 

To  improve  the  accuracy  of  the  transducer  output,  it  is  necessary  to  subtract  the  "no  load" 
voltage  output  from  the  output  at  any  given  load.  The  "no  load"  output  for  each  transducer  is  ob¬ 
tained  just  before  the  start  of  a  test  (Section  4.8,  Step  4).  These  no  load  readings  are  assumed  to 
apply  during  the  early  stages  of  the  test  when  the  transducer  outputs  (hence  the  shear  stresses)  are 
changing  rapidly.  As  the  shear  stress  versus  displacement  curve  approaches  a  horizontal  asymp¬ 
tote,  new  "no  load"  readings  should  be  taken  immediately  after  each  set  of  transducer  readings  is 
recorded,  by  unscrewing  each  transducer  clamp  just  enough  to  break  contact  between  the  trans¬ 
ducer  probe  and  the  moment  transfer  plate. 

Peripheral  displacement  is  obtained  by  multiplying  elapsed  time  from  the  start  of  shear  by 
the  appropriate  constant  determined  by  the  circumference  of  the  test  specimen  and  the  speed  of  the 
turntable. 

It  is  important  that  the  data  be  reduced  and  plotted  immediately  after  readings  are  taken. 
Comments  regarding  any  steps  taken  during  the  test  such  as  separating  or  raising  confining  rings, 
as  well  as  any  observations  which  might  influence  test  results  such  as  soil  extrusion,  are  recorded 
directly  on  the  data  sheet. 

4.10  REMOVING  THE  SPECIMEN  FROM  THE  MACHINE 

1.  At  the  conclusion  of  the  test,  with  the  motor  operating,  remove  the  central  vertical  dial 
support  beam. 

2.  Tighten  the  yoke  clamps. 

3.  Remove  the  transducers  from  the  top  plate. 

4.  Remove  the  water  from  the  reservoir  and  unload  the  specimen.  During  the  unloading  phase, 
the  lever  system  should  be  leveled  at  each  decrement. 

5.  Remove  the  upper  beam  of  the  yoke. 

6.  Stop  the  motor. 

7.  Lift  the  top  plate  and  the  moment  transfer  plu  a  off  the  specimen. 

8.  Remove  the  turntable  from  the  worm  gear  and  place  it  in  the  humid  room. 

9.  Separate  the  upper  and  lower  platens  by  inserting  a  knife  or  other  tool  between  them  and 
wedging  the  top  platen  upward.  This  will  separate  the  specimen  on  the  failure  plane  most 
of  the  time. 

10.  Study  the  failure  zone  in  detail  and  describe  it  with  the  aid  of  sketches  or  photographs. 

11.  Water  contents  should  be  taken  from  the  failure  zone  if  the  specimen  thickness  is  great 
enough  to  permit  it  and  if  the  specimen  separates  on  a  failure  plane.  If  the  specimen  does  not 
separate  on  a  failure  plane,  a  water  content  of  the  entire  specimen  thickness  may  be  taken. 

In  this  case,  the  portion  of  the  moisture  content  specimen  next  to  the  porous  discs  should  be 
scraped  off  to  minimize  the  effect  of  swelling  during  unloading. 

Unloading  and  dismantling  must  be  done  quickly  to  minimize  absorption  of  water  from  the 
porous  disc. 
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CHAPTER  5 

REDUCTION  AND  PRESENTATION  OF  DATA 


5.1  DETERMINATION  OF  SHEAR  STRESS 

The  data  necessary  to  compute  the  shear  stress  and  displacement  consist  of  two  transducer 
readings  and  the  time  elapsed  from  the  start  of  the  test.  Each  transducer  reading  is  corrected  for 
zero  drift  by  subtracting  its  "no  load"  from  its  loaded  reading.  This  difference  is  multiplied  by  the 
appropriate  calibration  constant  (Appendix  B)  to  obtain  the  force  measured  by  each  transducer. 

The  average  force  measured  by  the  two  transducers  is  multiplied  by  the  distance  between  them  to 
obtain  the  moment  required  to  prevent  the  upper  platen  from  rotating.  The  magnitude  of  the 
moment  transmitted  through  the  specimen  depends  on  the  shear  stress  versus  displacement  charac¬ 
teristics  of  the  soil. 

In  a  rotation  shear  specimen,  the  tangential  deformation  in  a  horizontal  plane  varies  with  the 
radius.  The  horizontal  shear  stress  will  therefore  be  a  function  of  the  radius  and  the  shape  of  the 
stress-displacement  curve. 

When  the  stress-displacement  curve  is  horizontal,  the  shear  stress  distribution  on  the  failure 
plane  will  be  uniform  (assuming  the  vertical  stress  is  uniform)  and  may  be  computed  from  the 
following  equation: 


3M 

2'(RrRl) 


(5.1) 


where:  M  =  moment 

Rj  and  R2  =  outer  and  inner  radii  of  the  specimen,  respectively 

Equation  5.1  gives  the  weighted  average  shear  stress  at  any  time  during  a  test.  The  use  of 

Eq.  5.1  for  plotting  the  stress-displacement  curve  is  illustrated  in  Fig.  5-1.  The  solid  line  in 

Fig.  5-la  represents  the  true  stress  versus  displacement  curve  of  the  soil.  At  a  time  in  the  test 

when  the  displacement  on  the  outer  and  inner  peripheries  of  the  specimen  is  and  respectively, 

the  corresponding  shear  stresses  will  be  Tj  and  Tg  (Fig.  5- la).  The  distribution  of  shear  stress  at 

this  time  is  shown  in  Fig.  5-lb,  and  the  shear  stress  computed  from  Eq.  5.1  will  be  r  ,  .  The 

effect  of  using  Eq.  5.1  at  other  stages  of  the  test  is  illustrated  in  Figs.  5-lc  through  5-le.  As  a 

matter  of  convenience,  is  plotted  at  a  displacement  equal  to  the  displacement  of  the  outer 

periphery.  This  plotting  technique  shifts  the  shear  stress  versus  displacement  curve  to  the  right 

(dotted  curve  in  Fig.  5-la).  When  the  shear  stress  at  the  inner  periphery  of  the  specimen  has 

decreased  to  the  residual  strength,  the  two  curves  become  horizontal  and  Eq.  5.1  will  give  an  accu- 

♦ 

rate  determination  of  the  residual  strength. 


Hvorslev  (1937)  has  shown  mathematically  (assuming  that  stress  versus  displacement  curve  is 
linear  to  the  peak)  and  experimentally  that  the  maximum  ra  computed  from  Eq.  5.1  is  very  close 
to  the  peak  strength  measured  in  direct  shear  tests  when  an  annular  specimen  with  Rg/Rj  =  0.5 
was  used. 
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5.2  PLOTTING  DATA 

The  technique  of  plotting  the  peripheral  displacement  on  a  logarithmic  scale  was  introduced 
in  Section  2.3.  This  technique  accentuates  the  slope  of  the  stress  displacement  curve  at  large 
deformations  relative  to  the  slope  at  small  deformations,  allowing  the  horizontal  portion  of  the 
curve  to  be  defined  with  less  ambiguity.  All  plots  of  shear  stress  versus  displacement  used  in  this 
work  are  semi-log  plots  of  "average"  shear  stress,  r  versus  outer  peripheral  displacement. 

£L 

Typical  plots  used  to  present  the  test  data  are  shown  in  Fig.  5-2.  The  "title  block"  of  e,.  ;h 
figure  gives  the  type  of  soil  used  and  the  test  number  in  the  first  line.  The  state  of  the  f  l-  1  is 
shown  in  the  second  line  (undisturbed  or  remolded).  The  overconsolidation  ratio  (OCR)  for  speci¬ 
mens  of  remolded  soil  will  also  be  shown  on  the  second  line  of  the  title  block.  Normally  consoli¬ 
dated  specimens  will  be  designated  by  NC. 

The  third  line  of  a  title  block  describes  the  thickness  at  the  s*i  t  of  consolidation  and  the 
shape  of  the  test  specimen.  Other  constant  parameters  in  the  test,  ch  as  the  rate  of  peripheral 
displacement  6  ,  are  shown  in  the  fourth  line  of  the  title  block. 

The  lower  portion  of  Fig.  5-2  is  the  curve  of  r&  versus  6,  and  the  .  pper  portion  shows  the 
change  in  specimen  thickness,  AB  versus  6.  The  specimen  thickness  at  the  start  of  shear,  B^,  is 
shown  on  the  AB  versus  6  plot  of  each  test. 

Many  tests  performed  in  this  research  consist  of  a  single  specimen  tested  at  more  than  one 
vertical  stress  and,  in  some  cases,  at  several  rates  of  peripheral  displacement.  To  present  the 
data  more  clearly,  changes  in  either  oy  or  rate  of  peripheral  displacement  are  plotted  from  a 
translated  peripheral  displacement  axis.  An  example  of  this  technique  is  shown  in  the  lower  half 
of  Fig.  5-3.  The  first  phase  of  this  test  was  performed  at  oy  =  1.0  kg/sq  cm  and  the  results  are 
shown  by  the  open  circles.  The  specimen  was  initially  sheared  at  a  rate  of  peripheral  displace- 
ment  of  5.6  X  10  cm/min  (dashed  line).  After  about  10  cm  of  displacement  at  this  velocity,  6  was 

O 

decreased  to  5.6  X  10  cm/min.  To  clearly  show  the  stress  versus  displacement  curve  at  this 
second  velocity,  the  data  are  plotted  assuming  the  displacement  was  zero  at  the  instant  the  velocity 
was  decreased  (open  circle's,  solid  line).  This  same  plotting  technique  is  used  when  the  vertical 
stress  is  increased  during  a  test.  In  this  test  ay  was  increased  from  1.0  kg/sq  cm  (open  circles) 
to  2.0  kg/sq  cm  (black  dots). 

The  peripheral  displacement  axis  for  curves  of  AB  versus  6  are  translated  to  correspond 
with  the  stress-displacement  curves. 

It  was  pointed  out  in  Section  3.7  that  the  boundary  conditions  in  the  rotation  shear  test  do  not 
prevent  soil  extrusion  during  a  test.  For  this  reason,  the  change  in  specimen  thickness  does  not 
represent  a  change  in  void  ratio  only.  These  curves  do  not  become  horizontal  when  the  shear  stress 
versus  peripheral  displacement  curves  are  horizontal  because  of  soil  extrusion. 

A  typical  residual  strength  line  obtained  from  a  series  of  tests  is  shown  in  Fig.  5-4.  The 
residual  shear  stress  axis  has  been  enlarged  to  exaggerate  the  slope  of  the  strength  line.  In  some 
cases,  a  line  representing  the  peak  strength  Tp  will  be  plotted  along  with  the  residual  strength  line. 
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CHAPTER  6 

INVESTIGATION  OF  TEST  ERRORS 


6.1  PURPOSE  AND  SCOPE 

The  purpose  of  this  phase  of  the  investigation  was  to  investigate  the  test  errors  associated 
with  measuring  the  residual  strength  of  clays  in  the  Harvard  rotation  shear  machine. 

One  source  of  error,  believed  to  be  common  to  all  rotation  shear  machines,  is  due  to  soil 
extrusion  from  the  peripheral  boundaries  of  the  specimen.  Soil  extrusion  prevents  accurate  volume 
change  measurements  and,  more  important,  it  is  believed  to  cause  a  nonuniform  distribution  of 
vertical  stress  on  the  failure  plane,  which  invalidates  the  computation  of  residual  strength  which  is 
based  on  the  assumption  that  the  distribution  is  uniform. 

The  magnitude  of  the  error  due  to  soil  extrusion  is  influenced  by  the  type  of  radial  confine¬ 
ment,  which  controls  the  amount  of  extrusion,  and  the  specimen  shape,  which  affects  the  degree  of 
nonuniformity  of  vertical  stress.  Thus  residual  strength  tests  were  performed  using 
(1)  horizontally  split  confining  rings  and  solid  confining  rings  to  determine  the  effect  of  different 
rates  of  extrusion;  and  (2)  disc-shaped  and  annular  specimens  because  the  effect  of  redistribution 
of  vertical  stress  was  expected  to  be  smaller  for  annular  specimens.  Errors  in  vertical  stress  and 
the  measured  moment  due  to  side  friction  between  the  specimen  and  the  confining  ring  are  summa¬ 
rized  in  this  chapter  and  discussed  in  detail  in  Appendix  A. 

6.2  ERROR  IN  RESIDUAL  STRENGTH  DUE  TO  THE  SPECIMEN  EXTRUDING  FROM  THE 
CONFINING  RING 

6.2.1  DESCRIPTION  OF  MATERIALS  USED  IN  THIS  PHASE  OF  THE  INVESTIGATION 

Two  materials  were  used  in  this  study.  One  was  a  commercially  available  ground  muscovite 
powder  (Fisher  Scientific,  mica  powder.  Catalogue  No.  M-231).  This  material  was  ground  finer  by 
means  of  a  ball  mill  to  the  gradation  shown  in  Fig.  6-1.  The  ground  muscovite  had  a  liquid  limit  of 
52  and  was  nonplastic. 

The  other  material  used  was  remolded  Warm  Springs  Shale.  The  Atterberg  limits  of  the  un¬ 
dried  material  are  tabulated  below  and  plotted  on  the  Plasticity  Chart  in  Fig.  6-2.  The  grain  size 
distribution  is  shown  in  Fig.  6-1. 
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Warm  Springs  Shale  39  17 
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At  the  plastic  limit,  the  material  was  medium  tough.  When  a  pat  of  soil  was  air-dried  from  slightly 
below  the  liquid  limit,  it  had  medium  to  high  dry  strength. 


6.2.2  TEST  PROCEDURE 

The  test  procedure  is  described  in  detail  in  CHAPTER  4.  TEST  1  on  the  ground  muscovite 
was  performed  on  a  12-mm-thick  specimen;  all  other  tests  reported  in  this  chapter  were  performed 
on  6-mm-thick  specimens.  Tests  which  were  confined  by  a  split  confining  ring  were  precut  by 


inserting  a  0.003-inch-thick  blade  between  the  two  halves  of  the  confining  ring  as  described  in 
Section  4.7.  When  the  residual  state  was  reached,  the  two  halves  of  the  ring  were  temporarily 
separated  to  eliminate  friction  between  them  (Section  4.8).  In  tests  using  a  solid  confining  ring, 
the  ring  was  not  raised  as  suggested  in  Section  4.8  so  that  extrusion  with  this  ring  would  be  mini¬ 
mal. 


6.2.3  COMPARISON  OF  SPLIT  VERSUS  SOLID  CONFINING  RINGS  USING  DISC-SHAPED 

SPECIMENS 

The  first  series  of  tests  was  performed  on  ground  muscovite.  Duplicate  tests  were  per¬ 
formed  at  vertical  stresses  of  1  and  2  kg/sq  cm  for  both  types  of  confinement.  The  shear  stress 
versus  displacement  curves  for  these  tests  are  shown  in  Figs.  6-3  to  6-6.  The  dashed  line  in  these 
figures  shows  the  results  of  the  initial  phase  of  each  test,  during  which  the  rate  of  peripheral  dis¬ 
placement  was  0.056  cm/min.  When  the  residual  state  had  been  reached  at  this  velocity,  the  rate  of 
peripheral  displacement  was  reduced  to  0.0056  cm/min.  In  this  chapter,  only  the  results  obtained 
at  0.0056  cm/min  will  be  compared  (the  effects  of  rate  of  displacement  are  discussed  in 
CHAPTER  10).  The  triangles  in  Figs.  6-3  and  6-4  represent  the  shear  strength  measured  when  the 
split  confining  ring  was  separated  to  eliminate  friction. 

Figures  6-3  to  6-6  indicate  that  the  average  shear  stress  was  essentially  constant  over  a 
large  range  of  peripheral  displacement  for  all  tests.  Table  6-1  is  a  summary  of  the  results  of 
these  four  tests  on  disc-shaped  specimens  and  shows  that  the  tests  with  split  confining  rings  gave 
lower  residual  strengths  than  tests  using  solid  confining  rings. 

Changes  in  specimen  thickness  (AB)  which  took  place  during  each  test  are  shown  in  the  upper 
part  of  Figs.  6-3  to  6-6.  The  change  in  specimen  thickness  during  shear  is  a  reflection  of  both 
change  in  void  ratio  and  soil  extrusion.  The  shapes  of  these  curves  suggest  that  the  change  in 
thickness  is  mainly  due  to  reduction  in  void  ratio  during  the  early  stages  of  the  test  because  they 
are  straight  lines  on  a  semi-log  plot.  In  the  final  stages  of  the  test,  the  slope  on  the  semi-log  plot, 
of  the  AB  versus  6  curves  increases,  indicating  that  the  decrease  in  specimen  thickness  is  due 
mainly  to  soil  extrusion  which  became  visible  during  the  latter  stage  of  the  tests.  Figures  6-7  and 
6-8,  which  are  arithmetic  curves  of  AB  versus  6  for  ay  =  1.0  kg/sq  cm  (Fig.  6-7)  and 
oy  =  2.0  kg/sq  cm,  show  that  extrusion  was  greater  in  tests  using  split  rings.  The  difference 
between  the  curves  for  a  split  confining  ring  and  a  solid  confining  ring  can  only  be  due  to  extrusion. 

These  curves  also  show  that  the  rate  of  soil  extrusion  increases  considerably  in  tests  using  a  split 
confining  ring  when  oy  is  increased  from  1.0  to  2.0  kg/sq  cm.  The  final  slope  of  the  curve  of  change 
in  thickness  versus  peripheral  displacement,  which  is  an  index  of  soil  extrusion,  is  shown  in 
Table  6-1  under  the  heading  "rate  of  soil  extrusion." 

Table  6-1  summarizes  results  from  these  tests  and  shows  that  tests  using  a  solid  confining 
ring  gave  consistently  higher  residual  strengths  than  tests  using  a  split  confining  ring,  he  magni¬ 
tude  of  this  difference  is  greater  than  any  error  which  can  be  attributed  to  friction  caused  by  the 
solid  confining  ring  (see  Section  6.4.3). 

6.2.4  RESULTS  OF  CONTROLLED  SOIL  EXTRUSION  TESTS  ON  DISC-SHAPED  SPECIMENS 

Additional  study  of  the  effect  of  soil  extrusion  on  residual  strength  was  made  by  performing  a 
test  on  a  disc-shaped  specimen  of  remolded  Warm  Springs  Shale  in  which  the  rate  of  soil  extrusion 
could  be  changed  during  the  test  by  installing  or  removing  the  plastic  C-clamps  from  the  outer 
periphery  of  the  split  confining  ring  (Sections  3.4  and  4.7).  A  second  test  on  a  disc-shaped  speci¬ 
men  was  performed  using  a  solid  confining  ring. 

The  stress-displacement  curve  for  the  test  using  the  split  confining  ring  is  shown  in  Fig.  6-9. 
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The  average  shear  stress  increases  to  a  pronounced  peak  of  approximately  0.48  kg/sq  cm  at  a 
peripheral  displacement  of  3  cm  and  then  begins  to  decrease.  At  approximately  10  cm  of  displace¬ 
ment.  the  rate  of  vertical  displacement  begins  to  increase  slightly  on  the  semi-log  plot,  indicating 
soil  extrusion  was  becoming  more  important  than  secondary  time  effects.  At  a  peripheral  displace¬ 
ment  of  23  cm  (Point  1),  the  C-clamps  were  installed  to  restrict  the  clearance  between  the  confin¬ 
ing  rings. 

Installation  of  the  C-clamps  increased  the  average  shear  stress  because  of  friction  between 
the  mating  surfaces  of  the  ring  and  because  of  the  decreased  rate  of  extrusion.  After  approximately 
80  cm  of  displacement,  the  C-clamps  were  re  noved.  The  remainder  of  the  r&  and  AB  versus  6 
curves  are  shown  more  clearly  in  Fig.  6-10  in  which  the  displacement  subsequent  to  Point  2  is 
plotted.  r&  immediately  dropped  from  a  value  of  0.5  kg/sq  cm  to  approximately  0.45  kg/sq  cm 
(Point  2  to  Point  3).  The  shear  stress  and  the  thickness  remained  constant  for  an  additional  dis¬ 
placement  of  2  cm  (Point  3  to  Point  4).  Then  the  shear  stress  dropped  from  0.45  to  0.26  kg/sq  cm 
and  the  thickness  decreased  substantially  as  the  specimen  extruded  between  the  split  confining  ring. 

Due  to  the  large  amount  of  soil  extruded  during  this  test,  the  upper  loading  platen  tilted 
slightly  and  moved  downward  into  the  lower  half  of  the  confining  ring.  The  radial  clearance  between 
the  upper  platen  and  the  lower  ring  was  insufficient  to  allow  free  rotation  of  the  lower  confining  ring. 
The  retarded  rate  of  decrease  of  r  just  before  Point  5  and  the  abrupt  increase  in  r  at  Point  5 
probably  occurred  as  the  platen  entered  the  lower  ring. 

A  second  test  was  performed  on  the  remolded  Warm  Springs  Shale  using  a  solid  confining  ring. 

Figure  6-11  shows  the  results  of  this  test.  Comparison  of  Figs.  6-11  and  6-9  indicates  a  striking 

difference  between  the  shape  of  the  two  t&  versus  6  curves.  The  pronounced  peak  obtained  in  the 

test  using  a  split  confining  ring  (Fig.  6-9)  is  absent  in  the  test  using  a  solid  confining  ring. 

Figure  6-11  also  shows  that  at  large  displacements  the  rate  of  soil  extrusion  has  been  greatly 
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reduced  by  using  the  solid  confining  ring. 

In  Fig.  6-9  a  dashed  line  has  been  drawn  from  the  point  of  maximum  r&  which  is  believed  to 
be  relatively  unaffected  by  the  influence  of  soil  extrusion,  to  Points  3  and  4  which  are  believed  to 
represent  the  residual  strength  for  this  test.  The  shape  of  this  dashed  curve  is  very  similar  to  the 
shape  of  the  versus  6  curve  obtained  in  the  test  using  the  solid  confining  ring.  Thus,  the  pro¬ 
nounced  peak  in  Fig.  6-9  is  an  artifact  of  the  large  amount  of  extrusion  that  occuired  before  the  C- 
clamps  were  Installed. 

Results  of  these  tests  on  disc-shaped  specimens  of  Warm  SpringB  Shale  are  shown  in  Table  6-3. 
For  the  test  with  a  split  ring,  the  residual  strength  recorded  is  the  one  measured  immediately  after 
removing  the  C-clamps  (Points  3  to  4,  Fig.  6-10)  because  it  is  believed  that  this  value  has  not  been 
greatly  influenced  by  soil  extrusion.  The  results  of  these  tests  show  that  the  residual  strength 
measured  in  the  test  using  a  solid  ring  is  lower  than  rr  measured  in  the  test  using  a  split  ring,  in 
spite  of  the  higher  rate  of  extrusion  with  the  split  ring.  The  shape  of  the  versus  6  curve  after 
10  cm  of  displacement  in  the  test  using  a  solid  ring  indicates  that  rr  for  this  test  may  be  low, 
possibly  as  a  result  of  extrusion.  The  magnitude  of  this  possible  error  would  not,  however,  explain 
the  anomaly  of  these  data. 

At  the  completion  of  each  of  these  tests,  water  contents  were  obtained  from  each  specimen. 
Figure  6-12a  shows  the  results  of  water  content  determinations  taken  from  the  test  using  a  split 
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confining  ring.  The  water  content  samples  included  the  entire  specimen  thickness.  The  moisture 

The  specimen  confined  by  the  split  confining  ring  was  precut  before  it  was  sheared,  which  accounts 
for  the  small  change  in  thickness  during  the  early  part  of  this  test. 

The  C-clamps  were  removed  and  extrusion  allowed  for  about  30  cm  of  displacement  in  the  test 
using  a  split  confining  ring  before  the  test  was  stopped  and  the  water  content  samples  taken. 


content  at  the  periphery  of  the  disc  was  significantly  higher  than  the  moisture  content  at  the  center 
of  the  disc,  indicating  that  oy  was  lower  at  the  periphery  than  at  the  center  of  the  disc.  On  the  other 
hand,  the  moisture  content  distribution  for  the  test  using  the  solid  confining  ring  (Fig.  6-1 2b) 
showed  a  much  smaller  increase  in  water  content  with  increasing  radius,  indicating  the  oy  was 
more  uniform  than  in  WSS  TEST  1 . 

It  is  suggested  that  the  difference  between  the  measured  residual  strength  using  disc-shaped 
specimens  confined  by  a  solid  confining  ring  or  a  split  confining  ring  is  related  to  the  amount  of  soil 
which  extrudes  from  the  peripheral  boundaries  of  each  specimen. 

If  no  extrusion  occurs  and  the  specimen  is  contractive,  the  increase  in  tangential  displace¬ 
ment  with  increasing  radius  causes  a  corresponding  tendency  for  the  void  ratio  to  decrease  with 
increasing  radius.  Since  the  loading  platens  are  rigid,  there  can  be  no  actual  difference  in  void 
ratio.  The  vertical  stress  will  be  redistributed  accordingly,  decreasing  at  the  maximum  radius 
and  increasing  at  the  minimum  radius  with  the  average  oy  remaining  constant  (Hvorslev,  1937). 

For  a  dilative  specimen,  the  tendency  for  the  void  ratio  to  increase  as  the  radius  increases  will 
cause  <7y  to  increase  at  the  maximum  radius  and  decrease  at  the  minimum  radius.  When  the  re¬ 
sidual  state  is  reached  on  the  entire  failure  plane,  there  will  no  longer  be  a  tendency  for  a  change 
in  void  ratio  and  the  vertical  stress  will  become  uniform. 

However,  if  soil  is  permitted  to  extrude  from  the  failure  plane,  oy  will  not  become  uniform 
even  at  the  residual  state.  Instead,  oy  will  be  lower  than  average  at  the  location  where  extrusion 
is  occurring,  and  soil  will  be  "pumped"  from  a  zone  where  ey  is  higher  than  average.  A  steady 
state  condition  will  be  achieved  with  the  distribution  of  a  becoming  constant  but  not  uniform.  Since 
oy  will  be  lower  at  the  periphery  than  at  the  center  of  the  specimen  for  any  given  average  V  ^e 
measured  moment  will  be  smaller  than  if  oy  wer  >  uniform;  hence,  rr  computed  from  Eq.  5.1  will 
be  smaller  than  the  true  residual  strength. 

One  would  expect  that  tests  using  annular  specimens  would  be  less  affected  by  redistribution 
of  ay  for  a  given  rate  of  soil  extrusion.  To  determine  if  this  is  the  case,  a  series  of  tests  was  per¬ 
formed  on  the  ground  muscovite  powder  and  remolded  Warm  Springs  Shale  which  duplicated  the 
first  series  except  that  they  were  performed  on  annular  specimens. 

6.2.5  COMPARISON  OF  SPLIT  VERSUS  SOLID  CONFINING  RINGS  USING  ANNULAR 

SPECIMENS 

Stress  versus  displacement  and  AB  vert  us  displacement  curves  for  tests  on  ground  muscovite 
using  annular  specimens  are  shown  in  Figs.  6- 12  to  6-16.  These  tests  were  performed  in  a  manner 
identical  to  that  of  the  tests  on  disc-shaped  specimens  (Section  6.2.3)  with  the  exception  thai  Ci  und 
Muscovite  Test  7  was  initially  sheared  with  oy  equal  to  0.5  kg/sq  cm  and  oy  was  subsequently 
increased  to  1.0  and  2.0  kg/sq  cm  which  were  the  values  used  for  other  tests. 

Table  6-2  summarizes  the  results  of  these  four  tests  and  shows  that  the  residual  strength  is 
not  significantly  affected  by  the  type  of  confining  ring,  even  though  the  rate  of  extrusion  is  higher  in 
the  case  of  split  confining  rings. 

Arithmetic  plots  of  AB  versus  t  for  these  tests  are  shown  in  Figs.  6-17  and  6-18.  These 
curves  are  very  similar  to  the  AB  versus  i  curves  obtained  in  tests  using  disc-shaped  specimens 
(Figs.  6-7  and  6-8).  The  rates  of  soil  extrusion  for  both  series  of  tests  are  summarised  in  Tables 
6-1  and  6-2  and  show  that  for  comparable  types  of  confinement  the  rat*  of  soil  extrusion  is  essenti¬ 
ally  independent  of  specimen  shape. 

♦  ...  "  —  - 
T_/av  for  the  muscovite  used  in  this  investigation  varies  between  0.278  and  0.282.  Horn  and  Deere 
(1962)  report  the  coefficient  of  kinematic  friction  for  cleaved  muscovite  crystals  to  be  between  0.22 
and  0.26.  The  normal  stress  at  which  their  tests  were  performed  is  not  given. 
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The  residual  strength  results  summarized  in  Tables  6-1  and  6-2  show  that  tests  on  disc¬ 
shaped  specimens  give  slightly  lower  residual  strengths  than  tests  on  annular  specimens  when 
radial  confinement  is  by  a  solid  ring.  These  data  suggest  that  disc -shaped  specimens  arc  potenti¬ 
ally  useful  for  determining  the  residual  strength  of  a  soil  so  long  as  soil  extrusion  is  minimized 
(in  this  case,  by  using  a  solid  confining  ring).  Their  use  may  be  restricted  to  tests  at  relatively 
low  vertical  stress  when  testing  soils  in  a  contractive  state,  since  the  tests  performed  on  ground 
muscovite  indicate  a  substantial  increase  in  soil  extrusion  as  the  vertical  stress  is  increased  from 
1.0  to  2.0  kg/sq  cm. 

6.2.6  RESULTS  OF  CONTROLLED  SOIL  EXTRUSION  TESTS  USING  ANNULAR  SPECIMENS 

Additional  confirmation  of  the  importance  of  soil  extrusion  in  a  rotation  shear  test  was  ob¬ 
tained  Dy  a  set  of  tests  performed  on  the  remolded  Warm  Springs  Shale  using  annular  specimens. 
Results  of  the  tests  using  a  split  confining  ring  are  shown  in  Figs.  6-19  and  6-20.  Comparing 
Fig.  6-19  with  Fig.  6-9  (duplicate  test  using  disc-shaped  specimen),  the  following  observations 
may  be  made: 

1.  The  maximum  is  larger  in  the  test  using  an  annular  specimen  due  to  the  smaller  effect  of 
progressive  failure. 

2.  The  initial  shape  of  the  r&  versus  6  curve  (C-clamps  not  installed)  has  a  less  pronounced 
peak  for  the  annular  than  for  the  disc-shaped  specimen. 

3.  Removal  of  the  C-clamps  at  Point  2  resulted  in  a  drop  in  r  of  about  0.10  kg/sq  cm  which  is 
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approximately  twice  the  drop  in  Tp  observed  with  the  disc-shaped  specimen.  There  are  two 
reasons  which  might  explain  this  observation.  First,  the  stress  exerted  by  the  C-clamps 
could  not  be  controlled  accurately,  although  differences  should  be  small.  Second  and  more 
important,  if  the  additional  moment  due  to  friction  between  the  confining  rings  were  identical 
in  both  tests,  the  computed  v  would  be  larger  for  the  anr  ..lar  specimen,  since  the  equation 
used  tj  compute  r&  for  annular  specimens  (r  =  KM,  where  K  is  a  function  of  geometry  only) 
has  a  larger  constant  multiplier  than  does  the  equation  used  to  compute  when  disc -shaped 
specimens  are  used. 

4.  The  ra  versus  6  curve  from  Point  2  until  the  test  was  stopped  has  been  replotted  in  Fig.  6-20. 

remains  unchanged  for  slightly  more  displacement  in  this  test  than  in  the  test  on  a  disc 
even  though  the  AB  versus  6  curves  are  very  similar  (Fig.  6-10).  This  result  might  be  ex¬ 
pected  since  the  measured  moment  is  less  sensitive  to  the  effects  of  redistribution  of  a  for 
the  annulus. 

5.  The  value  of  ra  immediately  after  removal  of  the  C-clamps  is  slightly  larger  for  the  annular 
specimen  than  for  the  disc-shaped  specimen  (0.477  versus  0.455  kg/sq  cm).  As  explained 
previously,  the  C-clamps  do  not  prevent  soil  extrusion  entirely  and  it  is  likely  that  oy  would 
be  slightly  nonuniform  even  while  the  C-clamps  were  in  place. 

6.  After  about  3  cm  of  peripheral  displacement  subsequent  to  removal  of  the  C-clamps  in  the 
test  using  an  annular  specimen,  r&  begins  to  decrease,  probably  due  to  the  redistribution  of 
ay.  Eventually,  r&  becomes  constant  again  due  to  a  constant  but  nonuniform  distribution  of  a^. 

7.  This  new  constant  value  of  rr  (with  extrusion)  is  much  larger  for  the  case  of  the  annular 
specimen  than  for  the  disc-shaped  specimen  (0.405  versus  0.206  kg/sq  cm).  This  indicates 
the  reduction  in  as  a  result  of  soil  extrusion  is  smaller  for  the  annular  specimen  than  for 
the  disc,  as  would  be  expected. 


A  second  test  was  performed  on  an  annular  specimen  of  Warm  Springs  Shale  using  a  solid 
confining  ring.  The  results  of  this  test  are  shown  in  Fig.  6-21.  Comparing  the  shape  of  the  r 
versus  6  curve  for  this  test  with  results  obtained  from  the  annular  specimen  using  a  split  confining 
ring  (Fig.  6-19).  one  finds  that  the  two  curves  are  similar  until  the  C-clamps  were  installed  in  the 
test  using  a  split  confining  ring. 

The  results  of  these  tests  on  annular  specimens  of  Warm  Springs  Shale  are  shown  in 
Table  6-4.  For  the  test  with  a  split  confining  ring,  the  residual  strength  recorded  is  the  one 
measured  immediately  after  removing  the  C-clamps  (Points  3  and  4,  Fig.  6-20). 

The  results  of  tests  on  remolded  Warm  Springs  Shale,  summarized  in  Tables  6-3  and  6-4, 
show  a  pattern  similar  to  the  one  observed  for  tests  on  ground  muscovite.  Namely,  the  disc-shaped 
specimens  give  lower  residual  shear  strengths  than  the  annular  specimens.  This  result  is 
attributed  to  the  greater  influence  of  the  redistribution  of  in  tests  on  disc-shaped  specimens. 

One  other  result  of  these  tests,  not  shown  by  the  tests  on  ground  muscovite,  is  that  if  soil 
extrudes  during  a  test  on  an  annular  specimen,  the  measured  strength  may  be  low.  Figure  6-20 
shows  that  the  residual  strength  of  remolded  Warm  Springs  Shale  dropped  15%  when  extrusion  was 
permitted. 

Factors  which  will  determine  the  importance  of  redistribution  of  ay  in  a  rotation  shear  test 

are: 

1.  Ratio  of  inside  to  the  outside  radius  of  the  specimen.  As  this  ratio  increases,  the  effect  of 
redistribution  will  decrease.  In  the  Harvard  rotation  shear  machine,  this  ratio  is  0.70; 
other  existing  rotation  shear  machines  have  radius  ratios  from  0.51  to  0.66. 

2.  The  amount  of  soil  extrusion:  In  the  tests  on  ground  muscovite,  the  amount  of  soil  extrusion 
is  considered  very  small.  The  largest  rate  of  extrusion  (Section  6.2.5)  measured  in  these 
tests  was  8  X  10-4  in. /cm.  No  direct  comparison  between  the  rate  of  extrusion  experienced 
with  the  Harvard  rotation  shear  machine  and  other  designs  is  available. 

6.3  ERROR  CAUSED  BY  FAILURE  OCCURRING  NEAR  A  LOADING  PLATEN 

The  possibility  of  failure  taking  place  at  the  interface  between  the  soil  specimen  and  the 
porous  disc  seems  remote  when  one  contrasts  the  size  of  the  clay  particles  (minus  0.002  mm) 
with  the  height  of  the  asperities  on  a  porous  disc  such  as  is  used  in  the  Harvard  rotation  shear 
machine  (on  the  order  of  0.1  to  0.2  mm). 

Results  of  the  tests  on  annular  specimens  of  ground  muscovite  (Table  6-2)  and  remolded 
Warm  Springs  Shale  (Table  6-4)  indicate  that  the  maximum  difference  in  residual  strength  between 
tests  where  failure  occurred  at  the  midplane  of  the  specimen  and  those  where  failure  occurred 
abou*  0.5  mm  from  the  top  porous  disc,  was  3%.  This  difference  includes  all  other  sources  of 
error  as  well  as  the  one  due  to  location  of  the  failure  plane. 

In  tests  with  more  plastic  materials  (CHAPTERS  7,  8  and  9),  failure  never  took  place  at  the 
porous  disc,  although  in  some  tests,  only  a  thin  slickensided  film  of  clay  adhered  to  the  disc  when 
the  test  was  dismantled.  No  significant  difference  in  residual  strength  was  measured  in  tests 
wher»  "ily  a  slickensided  film  remained  on  a  disc  as  compared  to  those  tests  in  which  the  slicken- 
side  was  farther  from  the  disc. 

It  is  concluded  from  these  data  that  forcing  failure  to  occur  near  a  porous  disc  does  not  intro¬ 
duce  any  significant  error  in  the  residual  strength. 


6.4  ERRORS  IN  VERTICAL  STRESS 


6.4.1  ERROR  CAUSED  BY  LEVER  SYSTEM 

The  precision  of  the  lever  system  was  determined  by  a  series  of  load-unload  cycles  per¬ 
formed  with  proving  rings  in  place  of  the  shearing  unit.  The  precision  was  found  to  be  as  good 
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as  the  proving  rings  themselves,  i.e.,  0.1%  to  0.25%. 

Errors  in  the  residual  strength  caused  by  the  lever  system  are  estimated  to  be  not  greater 
than  plus  or  minus  0.1%  to  0.25 %  of  any  given  value. 

6.4.2  ERROR  CAUSED  BY  SIDE  FRICTION 

Load  applied  to  the  top  surface  of  a  specimen  confined  in  a  ring  is  diminished  with  depth  due 
to  side  friction.  Equations  are  derived  in  Section  A. 2  for  the  ratio  of  the  vertical  stress  on  the 
failure  plane,  to  the  vertical  stress  on  the  top  of  the  specimen,  ay. 

In  tests  using  a  split  confining  ring  (6-mm-thick  specimens),  failure  generally  occurs  0.2  cm 
below  the  top  of  the  specimen.  In  this  case,  <r^  will  be  about  2%  lower  than  ay  for  annular  speci¬ 
mens  and  1%  lower  than  ay  for  disc-shaped  specimens. 

In  tests  using  a  solid  confining  ring,  failure  generally  occurs  about  0.05  cm  below  the  top  of 
the  specimen,  and  o ^  will  be  about  0.5%  lower  than  ay  for  annular  specimens  and  0.2%  lower  than 
ay  for  disc-shaped  specimens. 

6.5  ERRORS  IN  THE  MEASURED  MOMENT 

6.5.1  ERRORS  CAUSED  BY  MEASURING  SYSTEM 

The  force  transducers  used  have  an  accuracy  of  about  plus  or  minus  0.1%  for  the  upper  80% 
of  their  range  and  about  plus  or  minus  0.3%  for  the  lower  20%  of  their  range.  The  transducer 
power  supply  and  the  digital  millivoltmeter  have  an  accuracy  of  plus  or  minus  0.1%. 

Hence,  with  the  proper  selection  of  transducers,  the  maximum  error  in  the  measured 
moment  due  to  the  electronic  measuring  system  would  be  plus  or  minus  0.3%.  The  technique  for 
ensuring  that  the  electronic  components  are  functioning  properly  is  explained  in  Section  A. 3. 

5.5.2  ERROR  CAUSED  BY  FRICTION  IN  THE  SPLIT  CONFINING  RING 

The  detailed  analysis  of  this  error  is  made  in  Section  A.4.  It  shows  that  if  failure  occurs  at 
the  same  elevation  as  the  split  in  the  ring  and  Tr/oy  for  the  soil  being  tested  is  0.10,  the  measured 
shear  stress  will  be  about  2.5%  high  due  to  friction  between  the  two  halves  of  the  ring.  As  Tr/oy 
increases,  the  percent  error  decreases. 

This  error  may  be  eliminated  by  temporarily  separating  the  two  halves  of  the  confining  ring 
when  measuring  the  moment  (Section  4.8). 

6.5.3  ERROR  CAUSED  BY  FRICTION  BETWEEN  THE  SOLID  CONFINING  RING, 

THE  STATIONARY  PLATEN  AND  THE  STATIONARY  PART  OF  THE  SPECIMEN 

Results  of  measuring  moments  with  the  solid  confining  ring  in  position  and  with  it  removed 
are  reported  in  Section  A. 5.  These  data  indicate  that  the  additional  shear  stress  due  to  ring 
friction  is  independent  of  ay  and  the  overconsolidated  ratio,  and  is  about  0.020  kg/sq  cm  for  tests 
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The  lead  weights  placed  on  the  hangers  were  within  0.05%  of  their  rated  weight. 


using  Pepper  Shale  c-id  Cucaracha  "Shale"  and  is  about  0.030  kg/sq  cm  for  London  Clay. 

A  more  complete  discussion  of  the  effect  of  removing  the  confining  ring  during  a  test  is  pre¬ 
sented  in  Section  A. 5  where  it  is  concluded  that  removing  the  confining  ring  for  a  few  minutes 
during  a  test  eliminates  the  error  due  to  friction  without  introducing  any  other  significant  error. 

6.5.4  ERROR  CAUSED  BY  FRICTION  BETWEEN  ROTATING  CENTER  DISC  AND  THE 

STATIONARY  PART  OF  THE  SPECIMEN 

Observations  made  of  test  specimens  at  the  end  of  a  test  showed  that  a  slickenside  was 
developed  on  the  inner  periphery  of  the  stationary  part  of  the  specimen,  indicating  the  center  disc 
rotates  during  the  test  (see  Fig.  3-20).  If  it  is  assumed  that  the  coefficient  of  friction  between  the 
Teflon  center  disc  and  the  slickensided  surface  of  soil  is  one-half  Tr/°v .  the  computed  residual 
strength  will  be  about  1.4%  high  due  to  this  friction. 


6.6  CONCLUSIONS 

The  investigations  described  in  Section  6.2  have  indicated  that  an  error  in  the  measured 
moment  will  result  if  soil  is  permitted  to  extrude  from  the  confining  ring.  This  error  is  not 
associated  with  friction  between  the  elements  used  to  confine  the  specimen,  but  with  a  redistribution 
of  the  vertical  stress  on  the  failure  plane.  Extrusion  from  between  a  split  confining  ring  will  cause 
the  vertical  stress  to  decrease  at  this  specimen  boundary.  Since  the  vertical  load  is  constant, 
will  increase  at  the  inner  periphery  of  the  specimen.  At  the  residual  state  t.ie  vertical  stress  will 
achieve  a  constant  (but  nonuniform)  distribution  and  hence  a  constant  moment  will  be  measured. 
Because  oy  is  reduced  at  the  outer  periphery  of  the  specimen,  the  moment  will  be  smaller  than  if 
5v  were  uniform;  hence,  the  computed  rr  will  be  too  small. 

The  most  important  factors  influencing  the  magnitude  of  this  error  due  to  vertical  stress 
distribution  are: 

1.  The  ratio  of  the  minimum  specimen  radius  R2  to  its  maximum  radius  Rj,  As  this  ratio 

decreases,  the  effect  of  redistribution  of  oy  increases. 

2.  The  amount  of  soil  which  is  extruded  from  the  specimen. 

3.  The  magnitude  of  the  average  vertical  stresB. 

4.  The  residual  strength  of  the  soil. 

Tests  on  disc-shaped  specimens  of  ground  muscovite  summarized  in  Table  6-1  indicate  that 
if  soil  is  allowed  to  extrude  from  between  the  halves  of  a  split  confining  ring,  r  will  be  about  12% 
lower  than  if  extrusion  is  reduced  by  using  a  solid  confining  ring.  On  the  other  hand,  if  the  same 
boundary  conditions  (hence  the  same  amount  of  extrusion)  are  imposed  on  an  annular  specimen 
(Rj/Rj  -  0.7),  the  residual  strength  is  unaffected  (Table  6-2). 

Comparing  the  results  of  tests  on  disc-shaped  specimens  with  results  from  annular  speci¬ 
mens  indicates  that  disc-shaped  specimens  may  be  useful  at  low  effective  stresses  when  a  solid 
confining  ring  is  used. 

The  clearance  between  the  halves  of  the  split  ring  used  in  the  tests  on  ground  muscovite  was 
0.002  inch  and  the  amount  of  soil  extruded  during  a  test  was  small.  To  determine  the  maximum 
error  that  could  result  from  allowing  soil  to  extrude  during  a  test  on  an  annular  specimen,  tests 
were  performed  with  a  Bolld  confining  ring  which  was  removed  from  the  specimen  after  the 
residual  state  was  reached. 


When  the  confining  ring  is  removed,  the  moment  drops  to  a  new  value  which  is  independent 
of  displacement,  as  shown  in  the  sketch  below.  This  new  "residual  state"  is  due  to  a  constant  but 
nonuniform  distribution  of  oy . 


The  results  of  these  tests,  shown  in  Table  6-5,  give  an  indication  of  the  maximum  error  that 
can  occur  due  to  soil  extrusion  from  a  specimen  with  R2/Rj  =  0.70.  Further  investigations  are 
needed  before  the  error  due  to  soil  extrusion  can  be  completely  evaluated.  These  investigations 
can  be  made  using  annular  specimens  confined  with  a  split  ring  designed  to  allow  the  clearance 
between  the  halves  of  the  ring  to  be  varied.  The  rings  should  also  be  designed  to  permit  them  to  be 
temporarily  separated  to  eliminate  friction  caused  by  the  soil  extruding  into  the  gap  between  them. 

It  is  believed  that  using  annular  specimens  (Rg/Rj  =  0.70)  with  a  solid  confining  ring  reduces 
the  error  due  to  soil  extrusion  (redistribution  of  oy)  to  a  tolerable  value. 

Other  sources  of  error  in  rr  and  their  estimated  maximum  magnitude  are  summarized  below. 


Source  of  Error 

Probable  Magnitude  of  Error  in  r 
When  Using  Annular  Specimens 

ay  due  to  lever  system 

±0.1%  to  ±0.25% 

due  to  side  friction 

-0.5% 

Moment  measuring 
system 

±  0.3% 

Friction  between  center 
disc  and  specimen 

+  1.4% 

The  sum  of  these  errors  is  always  positive  (+0.4%  to  +  1.4%)  while  the  small  error  (when 
using  an  annular  specimen  and  a  solid  confining  ring)  due  to  soil  extrusion  will  always  be  negative. 


CHAPTER  7 


PEPPER  SHALE 

7.1  PURPOSE  AND  SCOPE 

To  determine  whether  the  residual  S  strength  was  independent  of  overconsolidation  ratio 
(OCR),  the  Pepper  Shale  was  used  in  the  following  testing  program: 


State  and  Condition 

Specimen  Shape 

Confinement 

Remolded,  normally  consolidated 

Annulus 

Solid  ring 

Remolded,  overconsolidated 

Annulus 

Solid  ring 

Undisturbed 

Disc 

Solid  ring 

As  further  evidence  of  the  effect  of  soil  extrusion  on  determining  the  residual  strength  in  a  rotation 
shear  test,  two  tests  were  performed  on  remolded  disc-shaped  specimens.  One  was  radially  con¬ 
fined  with  a  solid  ring  and  the  other  had  no  radial  confinement. 

7.2  SOIL  DESCRIPTION 

The  soil  used  in  this  investigation  was  obtained  by  the  U.  S.  Army  Corps  of  Engineers  during 
exploration  for  Waco  Dam,  Texas.  All  specimens  were  obtained  from  a  6-inch-long  section  of 
Denison  sample  29  taken  at  a  depth  of  between  82.5  to  S3. 4  ft.  in  Hole  No.  8A6C-351. 

The  undisturbed  soil  was  a  black,  heavily  overconsolidated  clay,  which  was  hard  and  brittle. 
The  sample  was  homogeneous  in  color  and  consistency.  It  had  a  soapy  feel  when  rubbed  with  the 
fingers  and  could  be  shaved  with  a  sharp  knife  into  very  thin,  translucent  shavings  which  had  a 
slight  yellowish  tint.  At  its  natural  water  content  of  about  21%,  it  could  be  shined  with  the  thumb¬ 
nail  to  a  very  high  gloss. 

When  immersed  in  distilled  water  at  its  natural  water  content,  the  soil  disintegrated  into  flat, 
flake-shaped  pieces  between  about  0.5  and  4  mm  thick.  After  swelling  for  48  hours,  these  flakes 
could  be  completely  remolded  between  the  fingers  to  a  smooth  paste  with  moderate  effort. 

The  air-dried  soil  disintegrated  rapidly  to  fine  sand-sized  particles  when  slaked  in  distilled 
water.  After  48  hours  of  immersion,  the  particles  could  be  very  easily  remolded  to  a  smooth  paste 
between  the  fingers. 

There  was  no  reaction  to  HCL  in  this  sample,  although  samples  above  and  below  it  have  cal¬ 
careous  zones.  No  slickensides  were  observed  in  the  sample.  The  specific  gravity  of  the  solids  is 
2.76. 

The  soil  to  be  used  for  remolded  specimens  was  obtained  by  air-drying  thin  shavings  of  the 
undisturbed  soil.  The  air-dried  shavings  were  ground  into  a  fine  powder,  using  a  mortar  and 
pestle,  and  then  added  to  distilled  water  and  dried  to  the  desired  water  content.  Soil  prepared  in  an 
identical  manner  was  used  to  determine  the  Atterberg  limits,  which  are  tabulated  below  and  shown 
on  the  Plasticity  Chart  in  Fig.  7-1. 
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Treatment 

L 

P 

Pi 

w 

W 

Air-dried 

70.5 

21.5 

49.0 

Oven-dried 

75.5 

23.0 

52.5 

At  the  plastic  limit,  the  soil  was  tough.  When  a  pat  of  soil  was  air-dried  from  near  the  liquid  limit, 
it.  had  a  very  high  dry  strength.  Results  of  a  hydrometer  analysis  performed  on  the  air-dried  soil 
are  shown  in  Fig.  7-2.  A  0.01  N  solution  of  sodium  metaphosphate  was  used  as  the  suspending  fluid. 


7.3  TEST  RESULTS 

7.3.1  REMOLDED  -  NORMALLY  CONSOLIDATED  SPECIMENS 


Shear  stress  versus  displacement  curves  for  the  four  tests  in  this  phase  of  the  investigation 
are  shown  in  Figs.  7-3  to  7-6.  The  maximum  average  shear  stress  occurs  at  displacements  of  0.06 
to  0.09  cm.  There  is  an  abrupt  decrease  in  strength  beyond  the  peak,  and  the  residual  strength  is 
reached  at  about  1  to  2  cm  of  displacement.  The  value  of  a  has  little  or  no  effect  on  the  displace¬ 
ment  required  to  reach  T  . 

Measurements  of  change  in  thickness  during  shear  for  these  tests  show  that  very  little  soil 
extrusion  occurred  during  TESTS  l,  2  and  3;  slightly  more  extrusion  occurred  in  TEST  4,  which 
was  performed  at  the  highest  vertical  stress  (12.0  and  20.0  kg/sq  cm). 

Table  7-1  summarizes  the  results  of  these  tests.  The  residual  strength  line  obtained  from 
the  testa  (Fig.  7-7)  is  a  straight  line  through  the  origin  with  a  slope  of  7.5  degrees.  The  peak 
strength  (r^)  line,  also  shown  in  Fig.  7-7,  has  a  slope  of  11.7  degrees  and  a  cohesion  intercept  of 
0.04  kg/sq  cm.  The  confining  ring  was  not  removed  at  the  peak  strength;  hence  includes  the 
friction  due  to  the  confining  ring  which  is  estimated  to  be  equivalent  to  a  shear  stress  between  0.01 
and  0.03  kg/sq  cm. 

Table  7-2  summarizes  observations  of  the  failure  plane  at  the  end  of  these  tests  and  shows 
that  all  the  failure  planes  were  very  shiny  and  essentially  flat  with  shallow  circular  striations. 

TEST  5  was  performed  on  a  disc-shaped  specimen  to  determine  if  the  residual  strength  would 
be  the  same  as  that  obtained  with  an  annular  specimen  when  soil  extrusion  was  minimized  by  con¬ 
fining  the  disc  with  a  solid  ring.  Figure  7-8  shows  the  results  of  this  test,  which  are  summarized 
in  Table  7-3  along  with  TEST  1,  the  companion  test  on  an  annular  specimen.  The  residual  strengths 
measured  at  the  three  vertical  stresses  used  are  slightly  lower  than  the  strengths  measured  in  the 
test  on  the  annular  specimen.  This  result  may  be  due  to  a  small  redistribution  of  oy  on  the  disc. 
However,  the  differences  are  so  small  that  this  cannot  be  given  as  a  definite  conclusion.  The  AB 
versus  6  curves  are  practically  identical  for  both  tests  (compare  Figs.  7-3  and  7-8). 

Results  from  TESTS  1  and  5  at  =  1.0  kg/sq  cm  have  been  plotted  together  in  Fig,  7-9.  The 
ra  versus  6  curve  for  the  disc-shaped  specimen  lies  to  the  right  of  the  curve  for  the  annular  speci¬ 
men.  This  shift  is  a  result  of  the  technique  of  computing  r  (Section  5.1)  which  gives  a  weighted 
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average  of  the  true  shear  stress  distribution.  The  maximum  r  measured  with  the  disc-shaped 
specimen  is  slightly  lower  than  that  measured  with  the  annular  specimen  (0.22  versus 
0.26  kg/sq  cm).  Since  the  disc  is  the  extreme  case  in  which  r  (the  weighted  average  shear  stress) 
would  deviate  from  the  true  peak  strength,  it  would  seem  unlikely  that  the  difference  between  the 
true  peak  strength  and  Tp  measured  in  the  test  using  an  annular  specimen  (Rg/Rj  =  0.70)  would  be 
larger  than  0.04  kg/sq  cm. 


In  CHAPTER  6  it  was  suggested  that  soil  extrusion  caused  a  redistribution  of  ay  on  the  failure 
plane.  One  way  of  demonstrating  that  was  not  uniform  when  there  was  extrusion  would  be  to 
show  that  radial  stresses  existed  on  the  failure  plane.  If  the  radial  stresses  did  exist,  the  author 
suspected  that  they  would  affect  the  topography  of  the  slickenside  obtained  in  a  test.  To  ascertain 
whether  this  was  the  case,  a  test  was  performed  on  a  radially  unconfined,  disc-shaped  specimen  of 
remolded  Pepper  Shale.  The  results  of  this  test  are  shown  in  Fig.  7-10.  The  r  versus  6  curve 
showed  no  sign  of  achieving  a  horizontal  asymptote  when  the  test  was  stopped  at  a  displacement  of 
1.8  cm.  The  result  from  an  identical  test  (TEST  5)  with  radial  confinement  is  shown  by  the  dashed 
line  in  Fig.  7-10. 

Photographs  of  the  slickensides  from  the  unconfined  test  in  Fig.  7-11  show  that  the  striations 
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on  the  failure  plane  spiral  out  from  the  center.  Striations  on  the  slickensides  of  a  confined  speci¬ 
men  have  a  concentric  circular  pattern.  The  spiral  striations  must  be  the  result  of  combined  tan¬ 
gential  and  radial  displacement  (hence  radial  stress)  on  the  failure  plane. 

7.3.2  REMOLDED  -  OVERCONSOLIDATED  SPECIMENS 

According  to  the  working  hypothesis  discussed  in  CHAPTER  1,  the  residual  strength  should 
be  independent  of  the  OCR.  This  aspect  of  the  hypothesis  was  examined  by  performing  a  series  of 
tests  on  remolded  Pepper  Shale  in  which  specimens  were  consolidated  to  10  kg/sq  cm  and  then  un¬ 
loaded  to  a  stress  of  1.0,  2.0  or  4.0  kg/sq  cm. 

Shear  stress  versus  deformation  curves  for  these  tests  are  shown  in  Figs.  7-12  to  7-15.  The 
results  are  summarized  in  Table  7-4.  The  residual  strength  line  shown  in  Fig.  7-18  lies  slightly 
above  the  strength  line  obtained  from  the  tests  on  normally  consolidated  specimens. 

The  summary  plot  of  the  shear  stress  versus  displacement  curves  shown  in  Fig.  7-16  shows: 

1.  The  ratio  and  the  rate  of  dilation  at  the  peak  increase  with  increasing  OCR. 

2.  Displacement  at  the  peak  (fip)  decreases  from  0.060  cm  to  0.023  cm  as  the  OCR  increases 

from  2.5  to  10. 

3.  The  displacement  required  to  reach  the  residual  strength  (6r)  decreases  from  6.0  cm  to 

2.0  cm  as  the  OCR  increases  from  2.5  to  10.  (At  OCR  =  1,  the  displacement  required  to 

reach  rr  is  3.0  cm.) 

The  AB  versus  6  curves  for  all  these  tests  indicate  the  soil  was  dilative  at  the  start  of  the 
test.  In  TESTS  7  and  8,  the  specimen  thickness,  B,  becomes  essentially  constant  at  a  displace¬ 
ment  of  about  1  cm  when  the  residual  strength  has  been  reached.  In  TESTS  9  and  10,  B  begins  to 
decrease  at  a  displacement  of  about  2  cm  due  to  a  slight  amount  of  extrusion  which  could  be  ob¬ 
served  in  these  tests. 
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After  the  residual  strength  had  been  measured  at  6  =  5.6  X  10  cm/min  in  TEST  7,  6  was 
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reduced  to  5.6  X  10  cm/min.  The  residual  strength  measured  at  6  =  5.6  X  10  cm/min,  shown 
in  the  inset  in  Fig.  7-12,  indicates  there  is  no  difference  in  r  measured  at  these  two  velocities. 

The  residual  strength  line  from  these  tests  (Fig.  7-18)  shows  that  the  difference  between  it 
and  the  strength  line  from  normally  consolidated  specimens  increases  as  the  OCR  increases.  To 
investigate  the  effect  of  overconsolidation  further,  a  test  was  performed  on  the  remolded  Pepper 
Shale  at  oy  =  1.0  and  with  an  overconsolidation  ratio  of  100. 


Spiral  striations  were  not  observed  on  the  failure  planes  of  tests  on  ground  Muscovite  or  Warm 
Springs  Shale  confined  with  a  split  ring,  reported  in  Chapter  6,  because  soil  extrusion  was  not  un¬ 
limited,  and  the  slickensides  were  not  as  well-defined  as  with  the  Pepper  Shade. 
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The  results  of  TEST  11,  performed  at  oy  *  1.0  kg/sq  cm  and  at  an  overconsolidation  ratio  of 
100,  are  shown  in  Fig.  7-17  along  with  the  r&  versus  6  curve  from  TEST  7  (5v  =  1.0,  OCR  -  10). 

The  results  of  TEST  11  are  also  included  in  Table  7-4.  When  the  OCR  increased  from  10  to  100, 
the  peak  strength  increased  and  the  displacement  required  to  achieve  peak  strength  decreased. 

The  displacement  required  to  achieve  the  residual  strength  is  somewhat  larger  for  TEST  1 1  than 
for  the  tests  with  an  overconsolidation  ratio  of  10.  The  AB  versus  6  curve  for  TEST  11  shows  the 
specimen  was  strongly  dilative  and  reaches  a  constant  thickness  at  about  the  same  displacement  the 
residual  strength  is  reached.  The  residual  strength  of  0.122  falls  between  the  results  of  the  tests 
with  overconsolidation  ratios  of  1  and  10  (see  Table  7-4).  Table  7-5  summarizes  observations 
made  of  the  failure  planes  for  the  tests  on  overconsolidated  specimens.  They  were  very  shiny, 
with  no  observable  difference  in  shine  between  these  failure  planes  and  those  observed  in  normally 
consolidated  specimens.  The  topography  of  the  failure  planes  in  the  overconsolidated  specimens 
had  shallow  radial  and  tangential  undulations  which  were  absent  from  the  failure  planes  of  the 
normally  consolidated  specimens. 

7.3.3  UNDISTURBED  SPECIMENS 

Comparison  of  the  residual  strengths  of  remolded  and  undisturbed  specimens  would  provide 
additional  data  concerning  the  effect  of  the  OCR,  and  a  series  of  tests  on  undisturbed  disc-shaped 
specimens  was  performed. 

The  r  versus  6  curves  of  the  five  tests  in  this  series  (TESTS  12  to  16)  are  shown  in  Figs. 
7-19  to  7-23  and  the  results  are  summarized  in  Table  7-6.  Figure  7-24  is  a  summary  of  the  r& 
versus  6  curves  for  the  tests  on  undisturbed  specimens  and  shows: 

1.  The  ratio  Tp/av  ranges  between  0.25  and  0.31  with  no  correlation  with  ay. 

2.  AB  versus  6  for  TEST  12  shown  B  is  increasing  during  this  test;  in  all  other  tests  it  was 
decreasing  (including  TEST  13  which  was  a  duplicate  of  TEST  12). 

3.  The  displacement  required  to  achieve  peak  (dp)  decreases  from  0.07  cm  to  0.03  cm  as 
increases  from  1.0  to  4.0  kg/sq  cm. 

4.  The  displacement  required  to  achieve  the  residual  strength  (6  )  ranges  between  20  cm  and 
35  cm  with  no  relationship  between  $r  and  ay. 

In  general,  the  shapes  of  the  shear  stress  versus  displacement  curves  for  these  tests  are  more 
irregular  than  the  curves  for  tests  on  overconsolidated  specimens  (compare  Figs.  7-16  and  7-24). 

Results  of  change  in  thickness  measurements  for  this  series  of  tests  indicate  the  specimens 
may  not  be  truly  undisturbed.  It  is  difficult  to  handle  and  trim  a  specimen  for  any  laboratory  test 
without  causing  some  disturbance,  b  the  problem  is  particularly  acute  in  trimming  thin  speci¬ 
mens  for  the  rotation  shear  machine.  Both  top  and  bottom  surfaces  of  the  disc  are  trimmed  flush 
with  the  confining  ring  with  a  stiff  knife,  causing  some  disturbance  to  the  surfaces.  To  minimize 
soil  extrusion,  a  solid  confining  ring  was  used  in  these  tests,  forcing  failure  to  occur  near  the  top 
of  the  disc,  where  the  disturbance  was  greatest. 

While  the  specimens  used  in  this  series  of  tests  are  not  truly  undisturbed,  it  is  likely  that 
their  structure*  (even  near  the  top  or  bottom  of  the  disc)  was  significantly  different  from  that  of  the 
completely  remolded  specimens.  Evidence  for  this  conclusion  is  twofold: 


All  tests  were  performed  on  specimens  from  the  same  batch  of  remolded  soil  prepared  at  the 
start  of  the  investigation. 
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1.  The  peak  strengths  measured  with  undisturbed  specimens  are,  in  most  cases,  higher  than  the 
peak  strengths  of  the  remolded  specimens  (Tables  7-1  and  7-6). 

2.  Displacements  to  peak  are  smaller  for  undisturbed  specimens  than  for  remolded  specimens 
(Tables  7-1  and  7-6). 

These  results  were  obtained  in  spite  of  the  fact  that  the  undisturbed  specimens  were  discs,  which 
would  cause  the  peak  strength  to  be  lower  and  the  deformation  to  peak  to  be  larger  than  for  a  dupli¬ 
cate  test  on  an  annular  specimen  (see  Fig.  7-9). 

A  residual  strength  line  from  the  undisturbed  specimens  is  shown  in  Fig.  7-25,  along  with  the 
residual  strength  line  obtained  from  the  remolded,  normally  consolidated  specimens.  Between  1 
and  2  kg/sq  cm,  the  two  strength  lines  are  practically  identical.  At  a  =  4.0  kg/sq  cm,  the  strength 
of  the  undisturbed  specimens  is  significantly  lower  than  the  strength  from  the  remolded  specimens. 

At  the  completion  of  the  two  tests  on  undisturbed  specimens  with  a  =  4.0  kg/sq  cm,  samples 
were  taken  to  determine  the  water  content  distribution  (nearly  the  entire  specimen  thickness  was 
used).  Results  of  these  water  content  determinations,  presented  in  Fig.  7-26,  show  that  there  has 
been  a  significant  increase  in  water  content  at  the  periphery  of  the  discs.  This  water  content 
distribution  indicates  that  oy  was  lower  at  the  periphery  than  at  the  center  of  the  disc. 

Results  of  these  five  tests  on  undisturbed  specimens  are  difficult  to  evaluate  for  the  following 
reasons: 

1.  Probable  disturbance  due  to  specimen  preparation. 

2.  Nonuniform  moisture  contents  in  two  tests,  indicating  redistribution  of  on  the  failure  plane. 

3.  Unexplained  irregularities  in  four  of  the  r&  versus  6  curves. 

The  fact  that  the  residual  strengths  from  undisturbed  specimens  are  practically  the  same  as  those 
from  remolded  specimens  at  a v  of  2.0  kg/sq  cm  and  less  may  be  fortuitous.  The  measured 
strengths  from  the  undisturbed  specimens  may  be  below  the  true  residual  strength  due  to  a  minor 
redistribution  of  ay.  At  oy  *  4.0  kg/sq  cm,  the  existence  of  a  nonuniform  distribution  of  vertical 
stress  is  verified  by  water  content  determinations  made  at  the  completion  of  the  tests. 


7.4  CONCLUSIONS 

7.4.1  REMOLDED  -  NORMALLY  CONSOLIDATED  SPECIMENS 

Results  of  tests  on  normally  consolidated,  annular  specimens  indicate  the  residual  strength 
line  of  remolded  Pepper  Shale  is  a  straight  line  through  the  origin,  at  a  slope  of  7.5  degrees  for  a 
vertical  stress  range  of  1.0  to  20  kg/sq  cm  (Fig.  7-7).  The  peak  strength  line  for  a  vertical  stress 
range  of  1.0  to  12.0  kg/sq  cm  is  represented  by  a  straight  line  with  a  slope  of  11.7  degrees  and  a 
cohesion  intercept  of  0.04  kg/sq  cm,  but  this  intercept  may  be  partly  due  to  friction  between  the 
upper  platen  and  the  rotating  confining  ring  which  was  not  removed  at  the  peak  strength. 

Displacements  to  the  peak  strength  range  from  0.060  cm  at  a  =  1.0  kg/sq  cm  to  0.090  at 
12.0  kg/sq  cm.  The  amount  of  displacement  required  to  achieve  the  residual  strength  decreases 
from  3  cm  at  oy  =  1.0  kg/sq  cm  to  1.5  cm  at  =  12.0  kg/sq  cm  with  the  test  at  =  4.0,  not  fitting 
the  general  pattern  and  requiring  7  cm  of  displacement  to  achieve  r  . 


*■ 

These  specimens  showed  a  decrease  in  thickness  in  spite  of  an  increase  in  water  content  because 
of  trimming  disturbance  near  the  failure  zone  and  soil  extrusion.  The  failure  zone  was  removed 
when  the  tops  of  the  discs  were  scraped  to  minimize  the  effect  on  the  water  content  determinations 
of  water  adsorbed  from  the  porous  discs. 
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A  test  performed  on  a  disc-shaped  specimen  of  remolded  Pepper  Shale  at  three  vertical 
stresses  gave  slightly  lower  strengths  than  a  similar  test  on  an  annular  specimen.  These  results 
may  be  due  to  a  small  redistribution  of  ov  on  the  disc-shaped  specimen. 

Striations  on  the  failure  plane  of  an  unconfined  disc-shaped  specimen  spiral  out  from  the 
center  of  the  specimen  (Fig.  7-11).  It  is  hypothesized  that  the  spiral  striations  are  a  result  of 
combined  tangential  and  radial  displacements  on  the  failure  plane  which  would  be  associated  with 
a  nonuniform  distribution  of 

7.4.2  REMOLDED  -  OVERCONSOLIDATED  SPECIMENS 

The  results  of  tests  on  remolded,  annular  specimens  with  overconsolidation  ratios  ranging 
from  1  to  100  and  ranging  from  1  to  4  kg/sq  cm  indicate  the  residual  strength  of  these  speci¬ 
mens  is  higher  than  the  residual  strengths  of  normally  consolidated  specimens  (Fig.  7-18). 

The  magnitude  of  the  differences  is  small  and  the  number  of  tests  limited,  making  conclusions 
concerning  the  effect  of  the  OCR  difficult.  The  number  of  tests  would  have  to  be  increased  to  obtain 
statistically  significant  results  before  definite  conclusions  could  be  reached. 

The  r&  versus  6  curves  for  these  tests  are  summarized  in  Fig.  7-16,  which  shows  that  the 
deformation  necessary  to  reach  the  peak  strength  decreases  from  0.06  cm  to  0.02  cm  as  the  OCR 
increases  from  1  to  100, 

Deformations  required  to  reach  the  residual  strength  are  not  easily  correlated  with  the  over¬ 
consolidation  ratio.  There  seems  to  be  no  definite  trend  established  between  the  displacement 
equired  to  reach  the  residual  strength  and  the  OCR.  However,  test  results  show  that  a  displace¬ 
ment  of  0.2  cm  results  in  a  shearing  resistance  of  81%  to  55%  of  the  peak  strength  as  the  OCR 
increases  from  1  to  10. 

7.4.3  UNDISTURBED  SPECIMENS 

Tests  on  undisturbed  disc-shaped  specimens  were  performed  to  help  establish  the  effects  of 
the  overconsolidation  ratio  on  the  residual  strength.  The  results  of  these  tests  are  believed  to  be 
inconclusive  due  to  a  redistribution  of  av>  In  two  tests  (ay  =  4.0  kg/sq  cm),  water  content  determi¬ 
nations  at  the  end  of  the  tests  showed  that  the  water  content  was  greater  at  the  periphery  than  at  the 
center  of  the  disc,  indicating  was  not  uniform.  It  is  inferred  from  these  water  content  measure¬ 
ments  that  ov  may  not  have  been  uniform  at  the  lower  effective  stresses  used  in  these  tests,  caus¬ 
ing  the  measured  strength  to  be  low. 


CHAPTER  8 


CUCARACHA  "SHALE"* 


8.1  PURPOSE  AND  SCOPE 

The  purpose  of  this  phase  of  the  investigation  was  to  test  specimens  of  remolded  material 
from  the  Cucaracha  formation  of  the  Panama  Canal  Zone  to  determine: 

1.  The  residual  strength  line  for  vertical  stresses  between  1  and  20  kg/sq  cm. 

2.  The  effect  of  overconsolidation  on  the  residual  strength  of  the  remolded  material. 

3.  Whether  there  was  a  difference  in  residual  strength  between  material  which  had  been 
remolded  by  slaking  in  distill  d  water  or  by  air-drying  and  crushing  in  a  disc  mill. 

All  tests  were  performed  on  annular  specimens  with  solid  confining  rings.  No  undisturbed  speci¬ 
men  could  be  trimmed  from  the  intensely  slickensided  sample  available. 


8.2  SOIL  DESCRIPTION 

The  material  used  in  this  investigation  was  obtained  by  the  U.  S.  Corps  of  Engineers  during 
explorations  of  a  slide  area  at  Hodges  Hill,  Panama  Canal  Zone.  The  mate  ial  tested  was  from 
Denison  sample  13,  taken  at  a  depth  of  between  57.5  to  58.5  feet  in  Hole  No.  CRW-15.  The  sample 
was  air-dried  when  received  and  was  reddish  purple,  hard,  and  highly  slickensided.  Tne  sample 
breaks  easily  into  irregular,  bulky-shaped  pieces  having  a  volume  between  a  few  cubic  centimeters 
and  about  100  cc.  The  pieces  are  generally  bounded  on  at  least  two  sides  (which  may  be  parallel  or 
perpendicular)  by  very  glossy  slickensides  which  are  generally  dark  reddish  purple.  The  remain¬ 
ing  sides  of  a  broken  piece  are  irregular  and  lighter  colored  and  may  also  have  relatively  minor 
slickensides  which  are  less  shiny  than  the  major  slickenside  surfaces. 

In  general,  the  slickenside  surfaces  have  wide  shallow  undulations  perpendicular  to  the  axis 
of  movement.  These  wide  undulations  dip  into  the  surface  of  the  slickenside  parallel  to  the  axis  of 
movement  so  that  they  are  not  continuous  along  the  slickenside.  Most,  but  not  all  of  the  slicken¬ 
sides  have  closely  spaced  striations  superimposed  on  their  surface  (see  Fig.  8-1).  Occasionally, 
the  slickensides  contain  light  gray  spots  and  streaks  which  are  aB  shiny  as  the  rest  of  the  surface. 
The  cross  section  of  a  slickensided  surface  examined  with  a  stereoscopic  microscope  (100X)  has 
the  appearance  of  molten  glass.  The  air-dried  soil  can  be  shaved  with  a  sharp  knife  into  thin 
shavings.  A  shaved  surface  can  be  shined  to  a  high  gloss  with  the  thumbnail  and  has  a  smooth, 
soapy  feel.  The  ability  to  be  shaved  into  thin  shavings,  as  well  as  the  appearance  of  the  slicken¬ 
sides,  indicates  the  sample  contains  a  negligible  amount  of  sand.  There  is  no  reaction  to  HCL. 

The  air-dried  material  slakes  very  quickly  into  silt  and  fine  sand-sized  particles  in  distilled  water. 
When  the  slaked  material  waB  immersed  in  water  and  viewed  under  a  microscope,  the  particles 
were  bulky  and  opaque.  All  of  the  fine  sand-sized  particles  could  be  easily  broken  on  a  microscope 
slide  with  the  point  of  a  pin. 


The  formation  and  diagenesis  of  the  Cucaracha  formation  has  not  been  unequivocally  defined  and 
some  geologists  question  whether  the  term  shale  is  correct. 
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A  representative  piece  of  the  sample  was  air-dried  and  slaked  four  times.  The  liquid  limit 
was  49  and  the  plastic  limit  28.  The  material  had  low  toughness  at  the  plastic  limit.  When  air- 
dried  from  near  the  liquid  limit,  the  material  was  easily  crushed  into  fine  sand-sized  particles 
between  the  fingers.  At  a  moisture  content  below  the  plastic  limit,  the  soil  achieved  a  high  gloss 
when  rubbed  against  the  fingernail.  The  liquid  and  plastic  limits  did  not  appear  consistent  with  the 
glossy  slickensides  that  were  observed  in  the  sample. 

The  author  assumed  that  the  silt-sized  and  sand-sized  particles  remaining  after  slaking  were 
actually  slightly  bonded  clusters  of  clay  particles.  To  disaggregate  these  clusters,  the  material 
was  air-f’i  ted  a  fifth  time  and  crushed  for  six  minutes  in  a  disc  mill  (Angstrom  Model  No.  T250). 
(This  mill  is  designed  to  operate  with  a  zero  clearance  between  the  grinding  surfaces  when  there  is 
no  soil  ir  tl  i  mill.)  The  materia)  was  ground  to  a  fine  powder  which  was  added  to  distilled  water. 
At  th?  'iqu’  j  limit  the  crushed  material  was  very  smooth  and  creamy,  had  the  consistency  of  a  very 
light  grease,  and  felt  soapy  between  the  fingers.  The  crushed  material  was  also  very  thixotropic 
at  the  liquid  limit.  When  a  pat  of  the  crushed  material  was  air-dried  from  near  the  liquid  limit,  it 
had  an  extremely  high  dry  strength.  Results  of  the  Atterberg  limits  on  samples  prepared  by  both 
types  of  treatment  are  shown  below  and  on  the  Plasticity  Chart  in  Fig.  8-2. 
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Results  of  the  hydrometer  tests  on  samples  prepared  by  both  treatments  are  shown  in 
Fig.  8-3.  The  hydrometer  tests  were  performed  using  a  0.01  N  solution  of  sodium  metaphosphate. 
The  specific  gravity  of  the  crushed  material  is  2.85.  The  specific  gravity  of  the  uncrushed  material 
was  not  determined. 

8.3  TEST  RESULTS 

8.3.1  SLAKED  AND  CRUSHED  CUCARACHA;  NORMALLY  CONSOLIDATED 

The  versus  6  and  AB  versus  6  curves  for  the  seven  tests  performed  in  this  phase  of  the 
investigation  are  shown  in  Figs.  8-4  to  8-10.  The  residual  strength  line  obtained  from  the  tests 
shown  in  Fig.  8-12  is  a  straight  line  between  effective  vertical  stresses  of  2  and  20  kg/sq  cm  with 
a  slope  of  6.4  degrees  and  a  cohesion  intercept  of  0.1  kg/sq  cm.  Results  of  tests  at  » 

1.0  kg/sq  cm  indicate  the  strength  line  is  curved  below  2.0  kg/sq  cm  and  the  actual  cohesion  inter¬ 
cept  is  very  near  zero  (Fig.  8-13).  The  results  of  all  tests  are  summarized  in  Table  8-1. 

To  study  the  reproducibility  of  results,  three  duplicate  tests  were  performed  at  oy  * 

1.0  kg/sq  cm.  The  r  versus  &  curves  for  these  tests  (TESTS  1,  2  and  3)  are  shown  in  Figs.  8-4, 

a 

8-5  and  8-6.  The  results  of  TESTS  1  and  2,  plotted  in  Fig.  8-6,  along  with  versus  6  curve  for 
TEST  3  show: 

1.  The  peak  strength  (Tp)  ranges  between  0.410  and  0.420  kg/sq  cm. 

2.  The  displacements  to  peak  (6^)  vary  between  0.020  and  0.037  cm. 

3.  The  residual  strength  for  TESTS  1  and  2  are  practically  identical  (0.195  versus 


0.190  kg/sq  cm).  The  residual  strength  for  TEST  3  is  0.151  kg/sq  cm. 

4.  The  displacement  required  to  achieve  the  residual  strength  (6^)  varies  between  0.7  and  10  cm. 

5.  The  AB  versus  6  curves  for  TESTS  1  and  2  are  practically  identical  and  show  B  decreased 

more  in  these  tests  than  in  TEST  3. 

The  shapes  of  the  versus  6  curve  for  TESTS  1  and  2  are  similar  with  the  exception  that 

about  four  times  more  displacement  is  required  to  reach  rr  in  TEST  2  than  in  TEST  1.  The  r 

versus  6  curve  for  TEST  3  has  a  more  pronounced  peak  than  TESTS  1  and  2,  due  to  a  more  abrupt 

reduction  in  r  beyond  the  peak  (r  is  practically  identical  in  all  three  tests).  The  possibility  that 
3  _  P 

redistribution  of  is  responsible  for  the  low  residual  shear  strength  and  more  peaked  r&  versus  6 
curve  of  TEST  3  seems  remote  since  an  annular  specimen  and  a  solid  confining  ring  were  used  in 
this  test.  In  fact,  the  AB  versus  &  curves  (Fig.  8-6)  indicate  less  soil  extrusion  occurred  (hypothe¬ 
sized  to  be  necessary  for  redistribution  of  oy  at  the  residual  state)  in  TEST  3  than  in  TESTS  1  and  2. 

Indirect  evidence  that  the  results  obtained  in  TEST  3  are  not  influenced  by  redistribution  of 
ov  may  be  seen  in  Fig.  8-4.  After  9  cm  of  displacement  in  TEST  1,  with  the  residual  strength  well- 
defined,  the  confining  ring  was  removed.  Substantial  extrusion  occurred  as  demonstrated  by  the  AB 
versus  6  curve  in  the  upper  part  of  Fig.  8-4.  The  ra  versus  6  curve  in  the  lower  part  of  Fig.  8-4 
shows  that  this  unrestricted  extrusion  had  a  small  effect  on  the  measured  residual  strength.  The 
results  of  TEST  3  cannot  be  explained  by  any  known  test  error  and  may  represent  the  range  of 
scatter  to  be  expected  in  repeat  tests  on  this  material  under  identical  conditions. 

TESTS  4,  5  and  6  (Figs.  8-7  to  8-9)  were  multiple  load  tests,  each  performed  at  two  values 
of  oy.  The  versus  4  curve  for  the  first  phase  (lowest  5y)  of  each  test  has  a  well-defined  hori¬ 
zontal  section.  During  the  second  phase  of  TESTS  4  and  5  (higher  Sy),  decreases  after  an  initial 
constant  shearing  resistance  has  been  reached.  In  TEST  4  this  reduction  is  small  and  gradual.  In 
TEST  5,  however,  the  reduction  is  more  abrupt  and  the  magnitude  of  reduction  is  about  twice  the 
magnitude  measured  in  TEST  4.  Once  the  reduction  has  occurred,  the  shear  strength  remains 
nearly  constant  for  a  large  amount  of  displacement  (in  both  cases,  for  more  thian  one  complete 
revolution,  equal  to  22.3  cm  of  displacement).  Enough  data  have  been  collected  to  demonstrate  that 
this  phenomenon  is  not  due  to  normal  scatter. 

The  reason  for  the  unusual  shape  of  the  versus  6  curve  during  the  second  stress  level  in 
TESTS  4  and  5  has  not  been  established.  The  residual  strengths  measured  at  the  end  of  these  tests 
(with  confining  ring  removed)  hevt  been  corroborated  by  the  results  of  TESTS  5  and  7  (see 
Table  8-1). 

To  determine  the  effect  of  rate  of  displacement  on  this  material,  the  residual  strength  was 
determined  at  6  -  5.6  X  10"3,  5.6  X  10~3  and  5.6  X  10~*  cm/min.  The  negligible  effect  of  these 
rates  of  displacement  on  the  residual  strength  may  be  seen  in  Fig.  8-10  and  Table  8-3. 

For  all  practical  purposes,  it  is  concluded  that  changing  the  rate  of  displacement  by  a  factor 
of  100  did  not  influence  the  residual  strength,  once  the  residual  strength  was  reached. 

To  establish  the  most  efficient  test  procedure  for  determining  the  residual  strength  of  a  soil, 
it  would  be  of  interest  to  perform  tests  having  very  high  rates  of  displacement  during  the  early 
stages  of  the  test.  After  a  constant  shearing  resistance  was  reached,  the  rate  of  displacement 
would  be  reduced  to  determine  the  strength  at  a  slower  rate  of  displacement.  The  results  of  such  a 
test  would  be  compared  with  results  of  a  test  which  was  performed  at  the  slow  rate  of  displacement 
throughout  the  entire  test. 

A  description  of  the  failure  plane  at  the  end  of  each  test  is  included  in  Table  8-2.  In  general, 
the  failure  planes  were  very  shiny  and  at  t  ertical  stresses  of  8  kg/sq  cm  and  above  they  were 
nearly  as  glossy  as  the  natural  slickensides  observed  in  this  sample. 
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8.3.2  SLAKED  AND  CRUSHED  CUCARACHA:  OVERCONSOLIDATED 

The  results  of  the  two  tests  performed  at  =  1.0  kg/sq  cm  and  with  an  overconsolidation 
ratio  (OCR)  of  10  and  100,  respectively,  are  shown  in  Figs.  8-14  and  8-15  and  are  summarized  in 
Table  8  -4.  The  results  of  TEST  8  (OCR  =  10)  have  been  plotted  in  Fig.  8-15  along  with  the  results 
of  TEST  9.  When  these  results  are  compared  with  the  results  obtained  for  the  normally  consoli¬ 
dated  specimens  (Table  8-4),  the  following  observations  can  be  made: 

1.  The  peak  strength  increase'  with  increasing  OCR. 

2.  There  is  no  definite  trend  in  the  displacement  required  to  reach  the  peak. 

3.  The  residual  strength  from  the  overconsolidated  specimens  falls  within  the  range  of  the 
results  from  normally  consolidated  specimens. 

4.  No  trend  can  be  observed  between  the  OCR  and  the  amount  of  displacement  required  to 
achieve  the  residual  strength. 

The  larger  peak  strength  in  the  overconsolidated  specimens  is  due  to  the  smaller  void  ratio 
at  the  start  of  shear  and  in  TEST  8  may  have  been  influenced  by  negative  pore  pressures  which 
were  unable  to  dissipate  in  the  early  stages  of  the  test.  The  more  rapid  reduction  in  strength  be¬ 
yond  the  peak  for  the  overconsolidated  specimens  may  also  be  influenced  by  the  dissipation  of 
induced  pore  pressure. 

To  reduce  the  possibility  that  the  pore  pressure  dissipation  would  influence  the  shape  of  the 

t  versus  6  curve  during  the  first  part  of  a  test,  the  first  stage  of  TEST  9  with  OCR  =  100  was 
a  •  -4  » 

performed  at  6  =  5.6  X  10  cm/min  (Fig.  8-15).  This  lower  rate  of  displacement  permitted 
collecting  more  data  during  the  early  stages  of  the  test,  and  these  additional  data  have  been  plotted 
arithmetically  in  Fig.  8-16.  The  reversal  of  curvature  in  the  stress  versus  displacement  curve  at 
6  =0.1  mm  suggests  that  even  at  this  rate  of  displacement  the  test  was  not  completely  drained  in 
the  early  stages.  This  reversal  of  curvature  is  typical  of  a  saturated  soil  in  a  dilative  state  when 
drainage  is  not  permitted  (Hirschfeld,  1958).  In  addition,  the  measurement  of  AB  indicates  that 
almost  no  volume  change  was  taking  place  during  the  early  stages  of  this  test.  As  the  tests 
progress,  however,  the  pore  pressure  dissipates  and  the  AB  versus  6  curve  for  both  tests  becomes 
essentially  horizontal  as  shown  in  Figs.  8-14  and  8-15.  The  residual  strength  from  these  two  tests 
is  shown  in  Table  8-4  along  with  the  strength  measured  in  the  normally  consolidated  specimens. 

The  difference  between  the  normally  consolidated  specimens  and  the  overconsolidated  specimens  is 
small,  and  the  results  of  the  latter  fall  within  the  range  of  results  obtained  from  the  normally  con¬ 
solidated  tests. 

8.3.3  SLAKED.  UNCRUSHED  CUCARACHA:  NORMALLY  CONSOLIDATED 

The  large  difference  in  plasticity  characteristics  between  the  crushed  and  uncrushed 
material  from  the  Cucaracha  formation  afforded  an  excellent  opportunity  to  determine  the  resiuual 
strength  of  the  two  clays  of  identical  minei alogical  composition  but  very  d  fferent  plasticity  char¬ 
acteristics.  It  is  believed  that  the  difference  in  plasticity  characteristics  was  mainly  a  result  of 

* 

disaggregating  clusters  of  clay  particles.  Slaking  and  manual  remolding  were  insufficient  to  break 
up  the  clusters  to  obtain  the  true  clay  size  fraction. 


Some  breakage  of  grains  could  occur  during  grinding,  but  it  is  believed  that  it  was  of  minor 
importance  in  affecting  the  large  change  in  plasticity. 
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Results  of  two  tests  performed  »n  the  slaked  material  are  shown  in  Figs.  8-17  and  8-18.  The 
ra  versus  6  curve  obtained  from  a  test  on  the  crushed  material  at  the  same  vertical  stress  is  shown 
by  a  dashed  line  on  each  figure.  There  is  a  striking  difference  in  the  r  versus  6  curves  obtained 
from  the  same  material  treated  in  the  two  different  manners.  At  ct  =  1.0  kg/sq  cm,  the  peak 
strengths  of  the  two  specimens  are  very  similar  (0.43  versus  0.42  kg/sq  cm).  At  a  =4.0  kg/sq  cm, 
the  peak  strength  of  the  slaked  material  is  30%  higher  than  the  peak  strength  for  the  crushed 
material.  One  might  expect  that  the  difference  between  the  peak  strengths  would  decrease  as  a v 
increases  for  two  materials  with  such  differences  in  grain  size  distribution  and  plasticity.  In 
addition  to  differences  in  grain  size  and  plasticity,  the  crushed  material  was  very  thixotropic  while 
the  slaked  material  exhibited  no  noticeable  thixotropy. 

It  is  hypothesized  that  the  anomalies  of  the  measured  peak  strength  may  be  caused  by  the  dif¬ 
ference  in  thixotropy.  The  thixotropic  gain  in  strength  is  likely  to  contribute  a  larger  part  of  the 
peak  strength  at  low  vertical  stresses,  resulting  in  a  peak  strength  nearly  equal  to  the  peak 
strength  of  the  slaked  material.  Indirect  evidence  of  the  importance  of  thixotropy  on  the  peak 
strength  of  the  crushed  material  may  be  seen  in  Fig.  8-12  which  indicates  the  peak  strength  line 
may  have  a  cohesion  intercept  as  large  as  0.15  kg/sq  cm  which,  in  part,  may  be  due  to  thixotropy. 

Figure  8-17  shows  that  the  test  performed  on  the  slaked  material  at  a  =  1.0  kg/sq  cm 

required  more  than  ten  times  as  much  displacement  as  the  test  on  the  crushed  material  to  define  r 
* 

satisfactorily.  The  same  phenomenon  may  be  observed  in  Fig.  8-18  for  the  tests  at 
<xv  =  4.0  kg/sq  cm. 

Eventually,  the  residual  strength  of  the  slaked  material  achieves  essentially  the  same  value 
as  the  residual  strength  of  the  crushed  material  (Table  8-5  and  Fig.  8-19).  Although  the  residual 
strength  of  the  slaked  material  was  the  same  as  that  of  the  crushed  material,  the  slickensides  ob¬ 
tained  in  tests  on  the  slaked  material  were  not  as  shiny  as  the  slickensides  obtained  in  tests  on  the 
crushed  material. 


8.4  CONCLUSIONS 

°.4. 1  SLAKED  AND  CRUSHED  CUCARACHA 

The  shape  of  the  r&  versus  6  curves  for  all  the  tests  in  this  series  are  essentially  the  same, 
with  the  maximum  r&  occurring  at  displacements  ranging  between  0.02  and  0.03  cm.  The  residual 
strength  has  generally  been  reached  by  2  cm  of  displacement.  The  amount  of  displacement  neces¬ 
sary  to  reach  the  residual  strength  appears  to  be  independent  of  the  vertical  stress  over  a  range  of 
ov  from  1.0  to  12.0  kg/sq  cm. 

The  residual  strength  line  shown  in  Fig.  8-12  is  a  straight  line  between  o  =  2.0  and 
20.0  kg/sq  cm.  Below  =  2.0  kg/sq  cm,  the  strength  line  has  been  drawn  as  a  smooth  curve 
extrapolated  through  the  origin.  That  portion  of  the  strength  line  below  o  =  8.0  kg/sq  cm  has  been 
redrawn  in  Fig.  8-13  to  a  larger  scale  to  emphasize  the  curvature. of  the  strength  line  between  0  and 
2  kg/sq  cm. 

The  results  of  a  limited  number  of  tests  (OCR  =  10  and  100)  on  the  crushed  Cucaracha  indi¬ 
cate  that  the  effect  of  overconsolidation  on  the  residual  strength  of  the  remolded  "shale"  is  small 
(see  Table  8-4).  Results  of  all  tests  performed  on  normally  consolidated  specimens  of  crushed 
Cucaracha  are  shown  in  Fig.  8-11  and  the  results  are  summarized  in  Table  8-1. 


In  TEST  10  it  became  obvious  at  about  9  cm  of  displacement  that  a  very  large  amount  of  displace- 
m  .t  would  be  required  to  define  r_.  To  expedite  the  test,  6  was  increased  from  5.6  X  10-3  to 
28  X  10-3  cm/min.  When  sufficient  displacement  had  accumulated  to  define  Tr  at  this  faster 
velocity,  6  was  decreased  to  5.6  X  10-3'  cm/min. 

J 
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The  stress  versus  displacement  curves  for  the  tests  on  the  overconsolidated  material,  shown 
in  Figs.  8-14  and  8-15,  have  a  much  more  pronounced  peak  than  the  tests  on  the  normally  consoli¬ 
dated  material.  The  sharp  peak  may  be  influenced  by  negative  pore  pressures  which  were  unable  to 
dissipate  during  the  early  stages  of  the  tests. 

8.4.2  SLAKED,  UNCRUSHED  CUCARACHA 

Duplicate  tests  on  the  uncrushed  and  crushed  material,  which  had  widely  different  plasticity 
characteristics,  gave  essentially  identical  residual  strengths  (see  Fig.  8-19).  Comparison  of  the 
stress  versus  displacement  curves  for  these  tests  (Figs.  8-17  and  8-18)  shows  that  at  least  ten 
times  more  displacement  is  necessary  to  reach  the  residual  state  in  tests  using  the  uncrushed 
material.  Observation  and  manipulation  of  the  uncrushed  material  at  the  completion  of  a  test  indi¬ 
cated  that  the  plasticity  of  the  material  had  been  increased  significantly.  This  increase  in  plasticity 
is  mainly  due  to  breaking  down  the  silt  and  fine  sand-size  grains  which  are  conglomerated  grains  of 
clay.  When  the  uncrushed  material  is  tested  at  higher  vertical  stress,  Jthe  larger  shear  stresses 
are  more  efficient  at  crushing  the  material  and  less  deformation  is  required  to  achieve  the  residual 
strength,  as  demonstrated  by  comparing  Figs.  8-17  and  8-18. 

Finding  that  the  residual  strength  of  the  uncrushed  and  crushed  Cucaracha  are  identical  sug¬ 
gests  that  the  technique  of  preparing  remolded  materials  may  not  be  too  important  when  measuring 
the  residual  strength.  If  confirmed  by  tests  on  other  materials,  this  result  can  save  considerable 
effort  when  testing  highly  overconsolidated  clays  which  usually  are  difficult  to  remold.  Although 
large  displacements  may  be  needed  if  remolding  is  incomplete,  most  of  the  displacement  can  be 
obtained  at  a  rapid  rate  which  can  be  reduced  when  the  residual  strength  is  measured. 

The  results  of  duplicate  tests  on  the  uncrushed  and  crushed  Cucaracha  also  emphasize  the 
difficulties  of  obtaining  a  simple  relationship  between  residual  strength  and  plasticity  or  grain-size 
distribution.  While  the  Atterberg  limits  of  a  clay  are  affected  by  the  degree  of  remolding,  the 
residual  strength  may  not  be  influenced  because  of  the  remolding  that  takes  place  during  the  test. 
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CHAPTER  9 
LONDON  CLAY 


9.1  PURPOSE  AND  SCOPE 

Attempts  to  measure  the  residual  strength  of  undisturbed  Pepper  Shale  were  inconclusive  due 
to  redistribution  of  on  the  disc-shaped  specimens  (Section  7.3.3).  The  consistency  and  homo¬ 
geneity  of  the  London  Clay  permitted  trimming  undisturbed  annular  specimens,  thus  minimizing 
errors  due  to  redistribution  of  a^. 

To  determine  whether  there  was  any  difference  between  the  residual  strength  of  remolded 
and  undisturbed  specimens,  the  following  tests  were  performed: 


State 

Specimen 

Shape 

Confinement 

Range  of  ov 
kg/cm2  v 

Undisturbed 

Remolded 

Annulus 

Annulus 

Solid  ring 

Solid  ring 

1  to  8 

1  to  8 

The  large  amount  of  test  data  reported  in  the  literature  (Skempton  et  al.,  1969)  concerning  the 
residual  S  strength  of  London  Clay  obtained  from  repeatedly  reversed  direct  shear  tests  provided 
an  excellent  opportunity  to  compare  the  results  of  these  tests  with  results  obtained  from  rotation 
shear  tests. 

9.2  SOIL  DESCRIPTION 

The  London  Clay  was  obtained  from  Professor  A.  W.  Bishop  of  Imperial  College.  London,  and 
comes  from  a  reservoir  site  at  Wraysbury,  South  Buckinghamshire.  The  sample  was  a  five-inch- 
long  section  from  a  four-inch-diameter  undisturbed  sample  taken  at  a  depth  of  about  40  feet. 

The  clay  as  received  was  stiff,  brown  and  had  a  water  content  of  about  28%.  It  was  easily 
trimmed  with  a  knife  and  could  be  remolded  with  moderate  effort,  having  the  consistency  of  a 
medium  to  highly  plastic  clay.  The  sample  appeared  to  be  essentially  homogeneous  at  first 
inspection,  with  a  few  small  (1  to  2  cc)  pockets  and  lenses  (less  than  0.5  mm  thick)  of  fine  sand. 
When  trimming  the  undisturbed  test  specimens,  it  became  clear  that  there  was  silt  or  fine  sand 
scattered  throughout  the  sample.  There  were  several  zones  which  felt  more  "gritty"  (when  trimmed 
with  a  knife)  than  the  bulk  of  the  sample.  No  slickensides  or  fissures  were  observed  in  the  sample. 

Pieces  of  undisturbed  soil  immersed  in  distilled  water  swelled  without  disintegration.  After 
swelling  for  48  hours,  the  Boil  could  be  easily  remolded  to  a  smooth  paste. 

Air-dried  chunks  of  the  undisturbed  soil  slaked  to  discrete  pieces  ranging  in  size  from  3  mm 
down  to  being  barely  distinguishable  to  the  unaided  eye.  The  larger  pieces  had  a  well-defined  lami¬ 
nar  structure  but  had  a  basically  bulky  shape.  After  being  submerged  for  30  minutes,  the  air-dried 
soil  was  very  easily  remolded  to  a  smooth  paste  between  the  fingers. 

In  the  letter  of  transmittal,  the  soil  is  referred  to  as  the  Blue  London  Clay. 
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This  sample  of  the  London  Clay  (undisturbed  state)  effervesced  strongly  when  treated  with 
hydrochloric  acid. 

The  liquid  and  plastic  limits  of  the  soil  remolded  from  its  natural  water  content  were  71.5 
and  22.4,  respectively.  These  results  are  plotted  on  the  Plasticity  Chart  in  Fig.  9-1.  At  the 
plastic  limit,  the  soil  was  tough.  At  a  water  content  below  the  plastic  limit,  it  acquired  a  medium 
shine  when  rubbed  on  the  thumbnail.  The  remolded,  air-dried  soil  had  a  high  dry  strength.  The 
specific  gravity  of  the  solids  was  2.72. 

The  results  of  two  hydrometer  tests  using  a  0.01  N  solution  of  sodium  metaphosphate  are 
shown  in  Fig,  9-2.  The  upper  one  inch  of  the  sample  was  remolded  from  the  natural  water  content 
to  a  water  content  of  about  65%  and  used  for  tests  to  determine  the  residual  strength  from  remolded 
specimens.  A  second  hydrometer  test  was  performed  on  a  representative  section  of  the  sample 
used  for  undisturbed  specimens  because  this  section  of  the  sample  was  thought  to  have  more  silt 
than  the  upper  one  inch  of  the  sample.  The  results  from  these  tests  are  practically  identical.  The 
expectation  that  the  portion  of  the  sample  used  for  the  undisturbed  specimens  was  more  silty  than 
the  portion  used  for  remolded  specimens  is  probably  due  to  the  "gritty"  feel  experienced  when 
trimming  the  specimen  with  a  knife.  The  remolded  soil,  placed  with  a  spatula,  did  not  feel  gritty. 

9.3  TEST  RESULTS 

9.3. 1  REMOLDED  NORMALLY  CONSOLIDATED  SPECIMENS 

The  stress  versus  displacement  curves  for  these  tests  are  shown  in  FigB.  9-3  to  9-5  and  the 
results  are  summarized  in  Table  9-1.  The  residual  strength  line  shown  in  Fig.  9-7  is  drawn  as  a 
straight  line,  through  the  origin  at  a  slope  of  8.3  degrees.  Figure  9-6  is  a  summary  plot  of  the 
shear  stress  versus  displacement  curves  and  shows: 

1.  The  ratio  r  /a  decreases  from  0.362  to  0.273  as  a  increases  from  1  to  8  kg/sq  cm. 

r  ’  V 

2.  The  displacement  to  the  peak  strength  (6p)  is  independent  of  and  equal  to  about  0.10  cm. 

3.  The  displacement  required  to  achieve  the  residual  strength  (6r)  ranges  from  about  10  cm  for 
tests  at  av  =  1.0  and  2.0  kg/sq  cm  to  4  cm  for  the  test  at  ov  =  8.0  kg/sq  cm. 

Figure  9-6  indicates  that  the  rate  of  soil  extrusion  was  much  larger  in  TEST  3  than  in  the 
other  tests  in  this  series.  The  last  point  plotted  on  the  AB  versus  6  curve  (Fig.  9-5)  for  TEST  3 
appears  suspicious,  and  may  be  in  error.  The  rate  of  extrusion  for  each  specimen  of  remolded 
London  Clay  is  shown  in  Table  9-5.  Two  rates  of  extrusion  are  shown  for  TEST  3;  the  first  value 
was  computed  using  the  slope  of  the  AB  versus  6  curve  at  the  final  plotted  point  (Fig.  9-5),  and  the 
second  value  uses  the  slope  at  the  penultimate  point.  This  second  value  fits  the  pattern  established 
by  the  other  tests  and  supports  the  suspicion  that  the  final  point  on  the  AB  versus  6  curve  of 
TEST  3  may  be  in  error. 

The  large  values  of  AB/Bc  at  the  end  of  the  tests  (Table  9-5)  are  due  to  both  soil  extrusion 
and  the  very  large  shear  strains  in  the  tests. 

Table  9-5  shows  that  the  extrusion  which  occurred  in  TEST  3  has  not  affected  the  measured 
residual  strength. 

Table  9-1  shows  that  Tr/<*y  for  TEST  1  (oy  «  1.0  kg/sq  cm)  is  slightly  higher  than  r r/ay  for 
the  other  tests.  This  tendency  was  also  observed  in  the  results  from  tests  on  the  crushed 
Cucaracha  "Shale"  but  not  for  remolded  Pepper  Shale.  It  seems  reasonable  to  assume  that  in  some 
soils  the  soil  particles  cannot  be  as  effectively  arranged  at  low  stresses  as  at  higher  stresses, 
causing  the  strength  line  to  curve  slightly  at  low  stresses.  Sufficient  data  have  not  been  collected 
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at  very  low  vertical  stresses  to  substantiate  this  hypothesis. 

Descriptions  of  the  failure  planes  at  the  end  of  these  tests  are  summarized  in  Table  9-2.  All 
the  failure  planes  had  a  medium  shine  which  was  significantly  less  reflective  than  the  failure  planes 
obtained  with  the  Pepper  Shale  or  the  crushed  Cucaracha  material. 

9.3.2  UNDISTURBED  ANNULAR  SPECIMENS 

Stress  versus  displacement  curves  for  the  four  tests  in  this  series  are  shown  in  Figs.  9-8  to 
9-11  and  the  results  are  summarized  in  Table  9-3.  The  residual  strength  line  shown  in  Fig.  9-13 
is  a  straight  line  through  the  origin  at  a  slope  of  9.3  degrees.  Figure  9-12  is  a  summary  plot  of  the 
shear  stress  versus  displacement  curves  from  these  tests  and  shows: 

1.  The  ratio  rp/5v  decreases  from  0.342  to  0.320  as  ay  increases  from  2.0  to  8.0  kg/sq  cm. 

TEST  4  (a  =  1.0)  deviates  from  the  pattern  and  the  ratio  r  /a  for  this  test  is  0.315. 
v  p  V 

2.  The  displacement  required  to  reach  the  peak  (6p)  is  essentially  independent  of  oy  and  equal  to 
about  0.08  cm. 

3.  The  displacement  required  to  reach  the  residual  strength  (6^)  is  about  40  cm  for  the  tests  at 
<ry  =  1  and  2  kg/sq  cm,  about  3  cm  at  <ry  =  4  kg/sq  cm,  and  10  cm  for  oy  =  8  kg/sq  cm. 

The  AB  versus  6  curves  for  the  tests  on  undisturbed  specimens  are  very  similar  to  the  AB 
versus  6  curves  for  the  remolded  specimens  (compare  Figs.  9-6  and  9-12).  For  each  type  of  speci¬ 
men,  more  soil  extruded  for  the  test  at  ay  =  8.0  kg/sq  cm  than  for  tests  at  the  lower  vertical 
stresses,  but  the  results  of  these  tests  fall  on  the  straight  strength  lines  formed  by  the  other  tests 
in  each  series. 

The  peak  strength  lines  obtained  from  the  tests  on  undisturbed  specimens  and  remolded 

specimens  are  shown  in  Fig.  9-14.  The  peak  strengths  from  undisturbed  and  remolded  specimens 

are  surprisingly  similar,  and  the  small  difference  between  the  peak  strengths  of  the  remolded  and 

$ 

the  undisturbed  soils  may  indicate  the  specimens  were  not  truly  undisturbed.  Another  indication 
that  the  specimens  were  disturbed  are  the  AB  versus  6  curves  for  these  tests  which  show  the  un¬ 
disturbed  soil  is  in  a  contractive  state  during  shear,  even  at  ay  =  1  kg/sq  cm.  The  disturbance 
may  be  from  sampling  or  due  to  trimming  the  specimens  as  discussed  in  Section  7.3.3. 

Results  of  direct  shear  testB  on  specimens  cut  from  an  undisturbed  block  sample  of  London 
Clay  from  Wraysbury,  with  similar  Atterberg  limits  and  grain  size  distribution,  have  been 
published  by  Skempton  et  al.,  (1969).  The  peak  strength  line  from  these  tests,  plotted  in  Fig.  9-14, 
has  a  cohesion  intercept  of  0.32  kg/sq  cm.  The  data  reported  by  Skempton  have  considerable 
scatter,  with  the  ratio  t p/oy  ranging  between  0.82  and  0.43  as  increases  from  0.6  to 

4.2  kg/sq  cm.  The  peak  strength  line  from  the  annular  rotation  shear  tests  may  be  low  because  of 
possible  disturbance  as  discussed  above. 

9.4  CONCLUSIONS 

Residual  shear  strength  lines  from  tests  on  remolded  and  undisturbed  annular  specimens  are 
shown  in  Fig.  9-7  and  Fig.  9-13,  respectively.  Both  strength  lines  have  been  drawn  as  straight 
lines  through  the  origin.  The  strength  line  from  undisturbed  specimens  is  inclined  at  9.3  degrees 
while  the  one  from  the  remolded  sob  is  inclined  at  8.3  degrees.  The  reason  for  this  difference  is 
not  clear  but  may  be  related  to  different  ion  concentrations  in  the  pore  fluid  due  to  remolding  the 
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The  standard  procedure  for  obtaining  4 -inch-diameter  samples  in  England  is  to  drive  a  thin- wall 
tube  that  has  a  cutting  shoe  at  the  bottom  into  the  clay. 
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soil  with  distilled  water  (Kenney,  1967).  The  influence  of  changes  in  ion  concentration  in  pore 
fluids  has  not  been  adequately  investigated. 

In  Fig.  9-15  the  residual  strength  of  the  f  ondon  Clay  from  Wraysbury  is  compared  with 
results  published  by  Skempton  e±  al.  (1969)  or  samples  of  London  Clay  from  the  same  site  and  with 
similar  Atterberg  limits  and  grain  size  distribution.  The  residual  strength  reported  by  Skempton 
is  much  greater  than  the  residual  strengths  obtained  using  rotation  shear  tests.  This  difference 
may  be  due  to  not  reaching  the  residual  state  in  the  direct  shear  tests  (Section  2.3). 

The  consequences  of  this  large  difference  in  residual  strength  are  most  important  when 
attempting  to  evaluate  experience  with  slope  failures  in  overconsolidated  clays.  Before  guidelines 
can  be  established  to  estimate  the  design  strengths  to  be  used  in  such  soils,  it  is  important  to 
accurately  measure  the  peak  and  residual  strengths. 
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CHAPTER  10 

SUMMARY  AND  CONCLUSIONS 

10.1  DEFINITION  OF  RESIDUAL  S  STRENGTH 

The  residual  S  strength  is  the  shearing  resistance  measured  in  an  S  test,  at  which  a  material 
undergoes  continuous  deformation  under  a  constant  state  of  effective  stress  and  at  a  constant  void 
ratio.  This  unique  condition  of  constant  stress  and  constant  void  ratio  during  continuous  deforma¬ 
tion  is  called  the  residual  state  which  Poulos  (1969)  has  suggested  is  identical  to  the  critical  state 
defined  by  Casagrande  (1936)  for  sands. 

10.2  REVIEW  OF  PAST  RESEARCH  ON  RESIDUAL  STRENGTH  OF  CLAYS 

A  review  of  past  research  revealed  that  in  many  cases  the  residual  S  strength  had  not  been 
reached  because  of  insufficient  displacement.  As  a  result,  many  of  the  values  of  residual  strength 
reported  in  the  literature  are  too  high.  The  main  reason  for  this  error  is  believed  to  be  due  to  the 
difficulty  in  recognizing  when  the  shearing  resistance  becomes  independent  of  deformation  if  the 
shear  stress  versus  displacement  curve  is  plotted  with  arithmetic  scales.  In  this  investigation, 
displacements  in  rotation  shear  tests  used  to  measure  residual  strength  were  plotted  on  a  loga¬ 
rithmic  scale.  This  plotting  technique  accentuates  the  slope  of  the  stress-displacement  curve  at 
large  displacements,  permitting  the  point  at  which  the  shear  stress  becomes  independent  of  dis¬ 
placement  (i.e.,  the  residual  strength)  to  be  chosen  more  precisely.  The  ambiguity  that  can  result 
from  plotting  the  displacement  on  an  arithmetic  scale  is  illustrated  in  Figs.  2-1  and  2-2. 

» 

10.3  DESIGN  OF  THE  ROTATION  SHEAR  MACHINE 

Casagrande  (1965)  emphasized  the  advantages  of  using  a  rotation  shear  machine  to  study  the 
residual  strength  of  clay  because  it  allows  large  unidirectional  displacement  to  be  applied  to  a 
specimen.  The  rotation  shear  machine  that  the  author  designed  and  built  for  this  investigation, 
referred  to  as  the  Harvard  rotation  shear  machine,  permits: 

1.  Testing  disc-shaped  specimens  with  a  diameter  of  7.11  cm  or  annular  specimens  with  an  out¬ 
side  diameter  of  7.11  cm  and  an  inside  diameter  of  5.08  cm. 

2.  The  specimen  thickness  to  be  between  1  mm  and  25  mm. 

3  Application  of  a  vertical  stress  of  100  kg/sq  cm  on  a  disc-shaped  specimen  and  200  kg/sq  cm 
on  an  annular  specimen. 

4.  The  rate  of  rotation  to  be  varied  in  10  increments  from  1  rev/40  min  to  1  rev/28  days  (rate 
of  peripheral  displacement  of  5.6  X  10’*  cm/min  to  5.6  X  10'4  cm/min). 

5.  The  torque  to  be  applied  with  a  smooth  vibration-free  transmission  system. 

6.  The  use  of  (i)  a  horizontally  split  confining  ring  with  clearances  between  0  and  about 
0.002  inch,  or  (il)  a  solid  confining  ring. 


A  second  machine  has  been  built  which  allows  a  maximum  vertical  stress  of  25  kg/sq  cm  on  a 
disc-shaped  specimen  and  50  kg/sq  cm  on  an  annular  specimen. 
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Torque  is  applied  to  the  bottom  of  the  specimen  by  xhe  transmission  system.  Two  force 
transducers  measure  the  force  couple  necessary  to  keep  the  upper  half  of  the  specimen  stationary. 
The  design  permits  exchanging  the  transducers  at  any  time  during  a  test,  which  allows  more  sensi¬ 
tive  transducers  to  be  installed  as  the  shearing  resistance  decreases  to  the  residual  strength. 

In  general,  a  specimen  thickness  of  6  mm  was  adopted  for  use  with  a  split  confining  ring  and 
2  mm  for  use  with  a  solid  ring. 

When  a  solid  confining  ring  is  used,  failure  occurs  near  a  porous  disc.  When  a  split  confin¬ 
ing  ring  is  used,  the  specimen  may  be  precut,  forcing  failure  to  occur  in  the  center  of  the  speci¬ 
men.  The  measured  residual  strength  was  found  to  be  the  same  whether  failure  occurred  in  the 
center  of  the  specimen  or  near  a  porous  disc. 

10.4  INVESTIGATION  OF  TEST  ERRORS 

An  investigation  of  test  errors  presented  in  CHAPTER  6  suggests  that  soil  extruding  from  the 

boundaries  of  the  specimen  in  a  rotation  shear  test  may  cause  a  redistribution  of  the  vertical  stress 

on  the  failure  plane.  At  the  residual  state  the  measured  moment  is  constant  and  the  distribution  of 

effective  vertical  stress,  o  ,  must  also  be  constant.  Nevertheless,  the  vertical  stress  may  not  be 

uniform.  Extrusion  causes  ov  to  be  lower  at  the  periphery  than  at  the  center  of  the  specimen  and 

the  measured  moment  at  the  residual  state  will  be  smaller  than  if  o  were  uniform;  hence,  the 
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residual  strength  computed  by  assuming  a  uniform  distribution  of  a  will  be  too  low. 

Disc-shaped  specimens  hud  lower  residual  strengths  than  annular  specimens  when  extrusion 
was  similar  for  both  shapes.  These  results  suggest  that  the  effect  of  extrusion  (hence  redistri¬ 
bution  of  a  )  increases  as  the  ratio  Rg/R  j  of  the  inner  specimen  radius  to  the  outer  specimen 
radius  decreases. 

It  is  reasonable  to  assume  that  the  error  caused  by  extrusion  increases  as  the  rate  of  soil 

extrusion  increases,  where  the  rate  of  extrusion  is  defined  as  the  slope  of  the  curve  of  change  in 

thickness  AB,  versus  displacement  6,  at  the  time  the  residual  strength  is  measured. 

A  solid  confining  ring  with  a  radial  clearance  between  the  confining  ring  and  the  loading 

platens  of  0.0005  in.  was  adopted  to  minimize  the  amount  of  extrusion.  For  annular  specimens 
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used  in  this  investigation  (R2/Rj  *  0.70),  a  rate  of  extrusion  of  about  3X10  in./cm  did  not 
noticeably  influence  the  residual  strength,  r  .  On  the  other  hand,  rates  of  extrusion  as  small  as 
0.2  X  10-*  in./cm  are  believed  to  have  lowered  by  20%  (at  =  4.0  kg/sq  cm)  on  tests  using 
disc-shaped  specimens  (Section  7.3.3). 

Friction  between  the  solid  confining  ring  (which  rotates)  and  the  specimen  and  upper  platen 
(which  are  stationary)  is  eliminated  by  removing  the  ring  temporarily  while  obtaining  the  trans¬ 
ducer  readings  from  which  the  moment  is  computed  (Section  A-5). 

Other  errors  that  are  inherent  in  the  Harvard  rotation  shear  machine  are  discussed  in 
CHAPTER  6  and  APPENDIX  A  and  show  that  the  residual  strength  for  an  annular  specimen  using  a 
solid  confining  ring  is  0.4%  to  1.4%  higher  than  the  correct  value. 

10.5  TEST  RESULTS 

10.5.1  REMOLDED.  NORMALLY  CONSOLIDATED  SPECIMENS 

The  results  of  rotation  shear  S  tests  on  annular  specimens  of  three  remolded,  normally  con¬ 
solidated  materials  are  summarized  in  Table  10-1,  and  the  relationship  between  residual  strength 
and  effective  stress  for  each  material  is  plotted  in  Fig.  10-1.  All  specimens  were  confined  by  a 
solid  confining  ring. 

The  shear  stress  versus  displacement  curves  for  all  these  tests  reach  a  peak  strength  after 


which  the  shearing  resistance  is  reduced  as  displacement  increases.  At  ay  =  1.0  kg/sq  cm.  the 
residual  strength  ( r  )  was  about  45%  of  the  peak  strength,  while  at  higher  stresses  was  about 
60%  of  the  peak  strength. 

Table  10-2  is  a  summary  of  the  displacement  required  to  reach  the  peak  (6^)  and  the  residual 
(6r)  strengths.  The  displacement  required  to  reach  the  residual  strength  varied  considerably  for 
the  three  materials.  In  general,  the  displacement  in  each  test  was  continued  to  about  ten  times  the 
displacement  required  to  reach  the  residual  strength.  The  results  from  tests  on  Pepper  Shale  indi¬ 
cate  that  6r  decreases  as  oy  increases.  No  such  pattern  could  be  definitely  established  with  the 
other  materials. 

The  displacements  required  to  reach  the  peak  strength  in  these  remolded,  normally  consoli¬ 
dated  specimens  correspond  to  axial  strains  of  about  20%  to  50%  in  the  triaxial  test. 

10.5.2  REMOLDED.  OVERCONSOLIDATED  SPECIMENS 

The  effect  of  overconsolidation  on  the  residual  strength  was  studied  by  performing  tests  on 
annular  specimens  of  remolded  Pepper  Shale  and  crushed  Cucaracha  Shale  at  overconsolidation 
ratios  (OCR)  ranging  from  1  to  100.  The  results  for  Pepper  Shale  are  summarized  in  Table  10-3. 

A  series  of  tests  on  specimens  consolidated  to  10  kg/sq  cm  indicated  that  as  the  overconsolidation 
ratio  increased  from  2.5  to  10,  r  was  1.6%  to  21%  higher  than  for  identical,  normally  consolidated 
specimens.  A  test  at  oy  =  1.0  kg/sq  cm  with  an  OCR  =  100  did  not  continue  this  trend,  however,  as 
Tr  in  this  test  was  only  3.4%  higher  than  for  an  identical,  normally  consolidated  specimen.  The  dis¬ 
placement  required  to  reach  the  peak  strength  decreases  from  0.06  cm  to  0.02  cm  as  the  OCR 
increases  from  1  to  100.  There  is  no  definite  trend  established  between  the  displacement  required 
to  reach  the  residual  strength  and  the  OCR. 

Table  10-4  is  a  summary  of  the  results  of  tests  on  overconsolidated  specimens  of  crushed 
Cucaracha  "Shale."  Three  tests  on  normally  consolidated  specimens  at  ay  =  1.0  kg/sq  cm  gave 
residual  strengths  of  0.151  to  0.195  kg/sq  cm.  Tests  at  =  1.0  kg/sq  cm  and  with  an  OCR  of  10 
and  100  gave  residual  strengths  of  0.160  and  0.180  kg/sq  cm,  respectively.  No  definite  conclusion 
concerning  the  effect  of  OCR  on  the  residual  strength  can  be  drawn  from  these  limited  data. 

10.5.3  RESIDUAL  STRENGTH  OF  REMOLDED  AND  UNDISTURBED  SPECIMENS  OF 
LONDON  CLAY 

The  relationship  between  r  and  oy  from  rotation  shear  S  teats  on  remolded  and  undisturbed 
annular  specimens  of  London  Clay  from  Wraysbury  are  shown  in  Fig.  10-2.  Results  of  triaxial 
tests  on  specimens  sheared  along  a  joint  or  fissure,  published  by  Skempton  et  al.  (1969),  on 
samples  of  London  Clay  from  the  same  site  and  with  Bimilar  Atterberg  limits  and  grain  size  distri¬ 
bution  are  also  plotted  in  Fig.  10-2.  The  residual  strength  reported  by  Skempton  is  almost  twice  as 
large  as  the  strength  measured  by  the  author.  The  reason  for  this  difference  is  not  clear,  but  may 
be  due  to  not  reaching  the  residual  state  in  the  triaxial  shear  tests  (Section  2.3). 

In  the  triaxial  tests  reported  by  Skempton  et  al.  (1969),  the  relative  movement  along  the 
failure  plane  was  about  6  mm.  If  the  rotation  shear  tests  on  undisturbed  specimens  of  London  Clay 
reported  in  Section  9.3.2  had  been  stopped  at  6  mm  of  displacement  (Fig.  9-12),  the  slope  of  the 
shearing  resistance  versus  effective  stress  line  would  have  been  about  14  degrees  for  oy  between 
0  and  2.0  kg/sq  cm  and  about  11  degrees  at  oy  •  8.0  kg/sq  cm. 

The  residual  strength  line  (rr  versus  ay)  from  rotation  shear  tests  on  the  undisturbed  speci¬ 
mens  is  inclined  at  9.3  degrees  and  the  strength  line  from  remolded  specimens  is  inclined  at  8.3 
degrees.  The  reason  for  this  difference  is  not  known,  but  may  be  due  to  decreasing  the  ion 


The  Cucaracha  "Shale"  was  remolded  by  two  methods,  which  gave  widely  different  liquid  and 
plastic  limits.  The  material  referred  to  as  uncrushed  Cucaracha  "Shale"  was  remolded  by  air¬ 
drying  and  slaking  four  times,  resulting  in  a  liquid  limit  of  49  and  a  plastic  limit  of  28.  The  crushed 
Cucaracha  "Shale"  was  air-dried  a  fifth  time  and  ground  in  a  disc  mill  to  a  fine  powder  and  re¬ 
molded  with  distilled  water.  The  liquid  and  plastic  limits  of  the  crushed  soil  were  156  and  42. 

Duplicate  tests  on  the  crushed  and  uncrushed  material  gave  essentially  the  same  residual 
strengths.  Table  10-5  summarizes  the  results  of  these  tests  and  shows  that  about  ten  times  more 
displacement  was  necessary  to  reach  the  residual  strength  in  tests  using  the  uncrushed  material. 
Observation  and  manipulation  of  the  material  from  the  failure  zone  of  the  uncrushed  Cucaracha 
specimens  indicated  that  its  plasticity  had  increased  significantly  when  compared  to  material  out¬ 
side  the  failure  zone.  This  increase  in  plasticity  is  believed  to  be  due  to  breaking  down  silt  and 
fine  sand-size  grains  which  are  really  clusters  of  clay-sized  grains.  Apparently,  the  shear  strains 
applied  during  the  test  break  down  these  clusters  while  air-drying  and  slaking  four  times  does  not. 

Finding  that  the  residual  strength  of  the  uncrushed  and  crushed  Cucaracha  are  identical  sug¬ 
gests  that  the  technique  of  preparing  remolded  materials  may  not  be  too  important  when  measuring 
the  residual  strength.  If  confirmed  by  tests  on  other  materials,  this  result  can  save  considerable 
effort  when  testing  highly  overconsolidated  clays  because  usually  they  are  difficult  to  remold. 
Although  large  displacements  may  be  needed  if  remolding  is  incomplete,  most  of  the  displacement 
can  be  obtained  while  rotating  rapidly  at  first  and  then  reducing  the  rate,  if  necessary,  to  measure 
the  residual  strength. 

The  results  of  duplicate  tests  on  the  uncrushed  and  crushed  Cucaracha  also  emphasize  the 
difficulties  of  obtaining  a  correlation  between  residual  strength  and  plasticity  or  grain  size  distri¬ 
bution.  While  the  Atterberg  limits  of  a  clay  are  affected  by  the  degree  of  remolding,  the  residual 
strength  may  not  be  influenced  because  of  the  degree  of  remolding  that  takes  place  during  the  test 
itself. 

10.5.5  EFFECT  OF  RATE  OF  DISPLACEMENT  ON  RESIDUAL  S  STRENGTH 

Table  10-6  summarizes  the  results  of  tests  performed  to  Investigate  the  effect  of  the  rate  of 

peripheral  displacement  on  the  residual  strength.  Each  specimen  was  initially  sheared  at 
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4  *  5.6  X  10  cm /min.  When  the  residual  strength  was  clearly  defined,  the  velocity  was  reduced 

to  0.56  X  10  cm/min.  No  significant  change  in  the  shearing  resistance  was  measured  for  any  of 

•  .1 

the  three  materials.  When  the  shearing  resistance  was  determined  at  4  ■  0.56  X  10  cm/min  for 
the  crushed  Cucaracha  Shale,  4  was  increased  to  56  X  10  cm/min.  This  one -hundredfold 
increase  in  shearing  velocity  caused  only  a  3.5%  Increase  in  the  measured  residual  strength. 

10.6  SUGGESTIONS  FOR  FUTURE  RESEARCH 

(1)  Investigation  of  the  effect  of  soil  extrusion  on  the  residual  strength  measured  in  a  rotation 
shear  test  indicate  that  soil  extrusion  can  be  a  major  source  of  error.  It  was  suggested  (Section 
6.2.4)  that  extrusion  causes  a  redistribution  of  the  vertical  stress  on  the  specimen.  Further 
investigation  is  needed  to  determine  the  distribution  of  the  vertical  stress  at  both  the  peak  and 
residual  strengths.  These  investigations  could  be  carried  out  uaing  specimens  which  are  confined 
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by  a  split  ring  designed  to  permit  control  of  the  clearance  between  the  halves  of  the  ring,  permit¬ 
ting  the  rate  of  extrusion  to  be  varied.  The  rings  should  also  be  designed  to  allow  them  to  be 
temporarily  separated  to  eliminate  friction  caused  by  the  soil  extruding  between  them.  The  follow¬ 
ing  factors  should  be  studied: 

1.  Effect  of  the  rate  of  extrusion  on  the  residual  strength  of  specimens  with  a  given  ratio  of 

VR1- 

2.  Effect  of  the  ratio,  Rg/Rj,  on  the  measured  residual  strength  for  a  given  rate  of  extrusion. 

(2)  The  working  hypothesis  presented  in  CHAPTER  1  suggests  that  void  ratio  on  the  failure 
plane  when  the  residual  state  is  reached  is  independent  of  the  initial  void  ratio  of  the  specimen.  A 
special  investigation  is  required  to  determine  whether  meaningful  measurements  of  this  void  ratio 
can  be  made. 

(3)  Further  investigation  is  needed  to  establish  the  most  efficient  and  practical  procedure  for 
determining  the  residual  strength.  This  investigation  could  be  based  on  results  from  identical 
specimens  tested  at  various  rates  of  displacements  that  were  constant  for  the  entire  test.  The 
rates  of  displacement  used  should  include  several  which  did  not  permit  full  drainage  during  the 
early  stages  of  the  test,  but  the  tests  would  be  continued  until  a  constant  shearing  resistance  was 
reached.  Results  from  these  tests  would  be  compared  with  results  from  specimens  sheared  slowly 
enough  to  insure  full  drainage  during  the  entire  test.  Other  specimens  would  initially  be  sheared  at 
a  rapid  test  rate  to  obtain  large  displacements  and  then  the  shearing  velocity  reduced  to  determine 
the  residual  S  strength. 

(4)  It  has  been  suggested  that  the  reduction  in  shearing  resistance  beyond  the  peak  strength 
for  normally  consolidated  specimens  is  due  to  orientation  of  the  clay  particles  in  the  direction  of 
movement  (Hvorslev,  1960).  A  qualitative  relationship  between  the  degree  of  orientation  and  the 
shearing  resistance  might  be  obtained  by  examining,  with  a  scanning  electron  microscope,  the 
cross  section  of  specimens  from  tests  terminated  at  various  displacements.  Variables  which 
should  be  studied  are  overconsolidation  ratio,  grain  size  distribution  and  plasticity  characteristics. 

(5)  Tests  are  necessary  to  determine  the  accuracy  with  which  residual  strength  can  be 
measured  by  reversing  the  direction  of  movement  on  the  failure  plane.  Tests  should  be  performed 
in  a  rotation  shear  machine  which  would  permit  reversing  the  direction  of  movement  until  a 
constant  shearing  resistance  is  reached.  The  test  should  then  be  continued  with  rotation  in  one 
direction  to  determine  the  magnitude  of  the  change  in  shearing  resistance. 

(6)  Since  the  residual  strength  of  the  uncrushed  and  crushed  Cucaractu.  Shale  are  similar, 
the  technique  of  preparing  remolded  materials  apparently  is  not  important  when  measuring  the 
residual  strength  of  this  material.  Testing  of  other  materials  remolded  by  various  techniques  is 
suggested.  If  this  result  applies  to  other  soils,  the  considerable  effort  needed  to  prepa  e  remolded 
specimens  of  highly  overconsolidated  clays  would  not  be  required. 

(7)  Further  Investigations  of  the  effect  of  overconsolidation  on  residual  strength  are  believed 
to  be  desirable.  The  difference  in  the  strength  of  normally  consolidated  and  overconsolidated 
specimens  tested  by  the  author  was  found  to  be  small.  Other  materials  should  be  tested,  and  a 
larger  number  of  tests  performed  to  obtain  statistically  significant  results  for  each  comparison. 
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TABLE  6-1 

ROTATION  SHEAR  S  TESTS  ON  GROUND  MUSCOVITE  -  DISC-SHAPED  SPECIMENS 


Teat 

Tyi*-  of 
Confining 
Ring 

Initial 

Mmatui 

Content 

Residual  Shear  Strength 
kg/sq  cm 

Location 

Fig. 

No. 

oy  1.0 

\  •  2.0 

na 

ssn 

Plane 

No. 

CM- 1 

60.0 

0.232 

0  480 

1.2 

2.2 

Center 

Cl 

CM -2 

62.2 

0.226 

0.465 

0.6 

8.0 

Center 

GM-3 

Solid 

67.3 

0.271 

0.658 

mm 

0.7 

b.S  mm 

from  top 

B 

CM -4 

Solid 

61.0 

0.247 

0.520 

1.5 

1.0  mm 
(rom  top 

TABLE  6-2 

ROTATION  SHEAR  S  TESTS  ON  GROUND  MUSCOVITE  -  ANNULAR  SPECIMENS 


Teat 

Type  of 
Confining 
Ring 

Initial 

Moiature 

Content 

*  HC727YX.HMB 

ESI 

Soil  Ex 

1  inchea 

truaion 

/cm 

Location 

No. 

i&u 

HQ 

E£S1 

ov-0.S  1 

IS„-».o 

BOX 

Plane 

Nc. 

_ 1 

GM-S 

62.0 

0.260 

0.556 

— 

i  ‘■1 

KB 

Center 

GM-6 

63.2 

0.285 

0.560 

... 

1  »•» 

Mi 

Center 

laB 

GM-7 

Solid 

64.7 

0.156 

0.2H1 

0.553 

Eg 

B 

1.3 

0.1  mm 
from  top 

6-15 

CM -2 

Solid 

59.5 

... 

0.284 

0.550 

B 

1.9 

0.5  mm 
from  top 

6-16 

TABLE  6-3 

ROTATION  SHEAR  S  TESTS  ON  WARM  SPRINGS  SHALE 
DISC-SHAPED  SPECIMENS 


i  eat 

No. 

Type  of 
Confining 

Ring 

Initial 

Moisture 

Content 

% 

kg /cm2 

Tr 

kg/cm2 

Location 
of  Failure 
Plane 

S° 

** 

WSS-1 

Split 

35.5 

1.0 

0.455 

6-9.  6-10 

WSS-2 

Solid 

36.0 

1.0 

0.415 

6-i: 

TABLE  6-4 

ROTATION  SHEAR  S  TESTS  ON  WARM  SPRINGS  SHALE 
ANNULAR  SPECIMENS 


Teat 

No. 

Type  of 
Confining 
Ring 

Initial 

Moisture 

Content 

% 

kg /cm2 

Tr 

kg/cm2 

Location 
of  Failure 
Plane 

Fig. 

No. 

WSS-3 

Split 

38.1 

1.0 

0.477 

Center 

6-19,  6-20 

WSS-4 

Solid 

36.5 

1.0 

0.462 

0.5  mm 
from  top 

6-21 

TABLE  6-5 

EFFECT  OF  UNLIMITED  SOIL  EXTRUSION  ON  T>  .SIDUAL  STRENGTH  OF  ANNULAR  SPECIMENS 


ScU 

*. 

k»/cni! 

Tr 

ki/cm1 

V*v 

Arr 

When  Extrusion 
Allowed 

a,r'Tr 

% 

Remolded 

Warm  Springs  Shale 

1.4 

0.477 

0.477 

-  0.071 

•  15 

Remolded 

Cue**  tar  ha  "Shale" 

1.0 

0.195 

0.195 

•  0.005 

■9 

Remolded 

Cucaracha  "Shale" 

8.0 

1.020 

0.128 

-  0.100 

-  9.8 

Remolded 
Pepper  .Shale 


12.0 


1.529 


0.127 


0.120 


TABLE  7-1 


ROTATION  SHEAR  S  TESTS  ON  REMOVED  PEPPER  SHALE 


NORMALLY  CONSOLIDATED  ANNUI.AR  SPECIMENS;  6  •  5.6  X  10"J  cm/min 


%  I  ’ A  I  V  'r'K 


1.25  0.255  0.255  0.118  0.118  0.462  0.060 


0.515  0.129 


1.09  0.885  0.221  i  0  500  0.125  0.565  0.088 


0.415  1.592  0.199  1.040  I  0.  IjlO  0.652  0.088 


69.1  1.91  12  0.485 1  2.500  0.208  1.529  0.127  0.610  0.090  1.5 

20  2.680  0.134 


ROTATION  SHEAR  S  TESTS  ON  REMOLDED  PEPPER  SHALE 


DESCRIPTION  OF  FAILURE  r LANES  -  NORMALLY  CONSOLIDATED  ANNULAR  SPECIMENS 


Very  shiny  slickensides  at  several  elevations  in  specimen 
Could  not  separate  specimen  on  continuous  failure  plane. 
Slirkensides  were  flat  and  had  shallow  circular  striations. 


Very  flat,  shiny  failure  plane  adjacent  to  uppe.-  porous 
diac. 


Very  flat,  shiny  failure  plane  with  shallow  circular 
striations.  about  0.3  mm  from  upper  porous  diac. 


Very  flat  and  very  entity  failure  plane  located  in  center  of 
specimen  which  was  abo*:t  1  mm  thick. 


TABLE  7-3 

ROTATION  SHEAR  S  TESTS  ON  REMOLDED  PEPPER  SHALE 
EFFECT  OF  SPECIMEN  SHAPE  ON  RESIDUAL  STRENGTH:  *  ■  S.«  X  10°  cm/rmn 


EFFECT  OF  OCR  ON  RESIDUAL  STRENGTH  (ANNULAR  SPECIMENS):  *  •  S.SX  I0-3  cm/min  DESCRIPTION  OF  FAILURE  PLANES  -  OVERCONSOLIDATED  ANNULAR  SPECIMENS 


ROTATION  SHEAR  S  TESTS  ON  SLAKED  AND  CRUSHED  CUCARACHA  ■SHALE"  ROTATION  SHEAR  S  TESTS  ON  SLAKED  AND  CRUSHED  CUCARACHA  "SHALE" 
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NORMALLY  CONSOLIDATED  ANNULAR  SPECIMENS:  6  •  5.6  X  10"3  cm/min 


27.7  0.754  l  0.097  0.315  0.S15  0.160  0.160  0.506  0.06  4  0  9-8  .  3  Uatn*  penultimate  point  on  AB  v«.  *  curve  39.0 

9-12  _ _ 


RESIDUAL  SHEARING  RESISTANCE  OF  PEPPER  SHAI.E.  CUCARACHA  "SHALE'  AND  LONDON  CLAY  EFFECT  OF  OVERCONSOLIDATION  RATIO  ON  RESIDUAL  STRENGTH 

Rotation  Shear  S  Trail  on  Remolded  Annular  Specimen*.  4  •  S.6X  I0"3  cm/min.  solid  confining  ring  OF  CRUSHED  CUCARACHA  "SHALE" 


Residual  strength  at  2.0  kg/sq  cm  determined  from  a  specimen  previously  sheared  at  0  •  1.0  kg/sq  cm. 


cr 


•  «  «q 

2.5  ca  thick 


▼ 


UrSATSD  DXftSCT  IHIAR  TUT 

(rail  fkwpton,  1964 
•paciMn  alsat 
6  ai  sq 
2.5  c*  thick 


2-2 


RSFSATSD  OZKBCT  SHIAR  TUT 

frail  tot  ley,  19*6 

•pecljwn  iliti 

2.5  cm  thick 


FIG.  2-3 


0.5  1.0  10  0.5  1.0  10 

DlspUcaaant.  cm 


KSFSATSD  DXUCT  MUX  TCST 
frail  r«tUy,  1964 

ipWlMfl  XlMt 

6  aq  ca 

2.5  ca  thick 


2-4 


80 


100 


40  80 

CUy  F  met  loo,  * 


XVUISMCI  or  CLAY  FRACTION  cm  0 
f  root  Fotloy,  1988 


D/Btcr  SUE AX  TEST  ON  XESEOIMENTED  CULEM  CLAY -SHALE 

SAMHt  NO  iSMCIS*  SUfAtiNO  $HCO  SUM  NO  (kf/eml)  ^4  S* 

Orm  *  *//«/» Ar  O  J»  f  !Tf  -OX 


HariMnn  and  Wolf •kill,  1966 


RIFIATKD  OS  MKT  SKXAA  TUT 


Croat  Iteraon  am S  Wolfskin 
1944 

spaclaan  alut 

5.1  ca  sq  0.9  ca  thick 


A 
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FRICTION  TEST  ON  TEFLON  COATED  SHEAR  BOXES 


ITHAIN  HAT (  COUAH  01  INCH  SO  MINUTC5 


RESULTS. 


\  I'J 

m/Wi 

(ty<nMAX 

1  29 

2 

219 

068 

2  56 

4 

092 

064 

5  16 

6 

091 

051 

10  52 

16 

103 

.053 

[lj  BAUD  ON  ACTUAL  MCA 
Of  CONTACT  KTWUN  TWO 
SHCM  BOX  HAL  VC  • 


[>]  COUIVALCNT  NON  UAL  BTRCB1 
ON  BAMflK  If  fNCBCNT  ANO 

CAimwit  all  loao 


TYPICAL  INDIVIDUAL  TEST. 


Shear  S  t  res  s/Uart  leal  Stress,  (t/ov) 
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Displacement,  cm 


ILf PEATS)  DIRECT  SHEAR  TUT 

frost  Kenney,  1967 
specimen  slsst 
8  cm  dUMUr 
0.2  cm  thick 


PXC.  2-9 


Avars go  Shear  Str ^••/Vertical  Stress, (r/o  ) 


A 
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0.8 


0.6 


Average  Displacement,  cm 

ROTATION  SHEAR  TEST 

f rum j  de  Seer,  1967 
annular  specimen  size: 
0  cm  outside  die 
4  cm  Inside  die 
1 .0  cm  thick 


FIG.  2-10 


Average  Shear  St  re  a  a/Vert  leal  Stress,  (t/o  ) 


i 


0.1  1.0  10  100 

Average  Displacement,  cm 


i 

4UTATZON  SltCAh  TOT 

1 

framt  Ti edema an,  19)7 
dimensions  of  specimen 
not  given 


flO.  2-11 


80 


rxo.  j-i 


fUUXY  AUAIUNlirr 

HYDMUUC  HOTATXOH 
IKEAA  HACHIKS 


83 


HARVARD 

ROTATION  SHEAR  MACHINE 
PART8  LIST 

1.  Top  plat*. 

3.  Adjustable  transducer  clasip  and  transducer. 

3.  Locking  nut. 

4.  Adjustable  restraining  era. 

5.  Vertical  poet. 

6.  Hasten t  transfer  plate. 

7.  Hollow  spacer. 

8.  Loading  platen. 

9.  Porous  stainless  ateel  discs. 

10.  Confining  ring. 

11.  Confining  ring  support  pins. 

13.  Confining  ring  support  pins. 

13.  Luclte  reservoir. 

14.  Turntable 

15.  Mona  gear. 

14.  Rotating  base. 

17.  stationary  base. 

15.  Tilt  dUl. 

19.  Pour -point  contact  radial  bearing. 

30.  Ife rust  bearing. 

2i.  Centering  pin. 

33.  Teflon  bushing. 

21.  Stainless  steel  loading  platen. 


no.  3-4 


l»lnl  • 


MUwMUIC  L'SJT 
-  VUA>..U  .**  , 


.ttU.KlUL  JUl? 


vi  tv 


ROTATION  SHEAR 


ROTATION  SHEAR  MACHINE 
SINGLE  LEVER  SYSTEM 


KNIFE  EDGE 


Note 

knife  edge  and  fulcrum  are 
fabricated  from  cold-rolled 
steel  and  case  hardened 


HARVARD 

ROTATION  SHEAR  MACHINE 
TYPICAL  KNIFE  EDGE  &  FULCRUM 


FIG.  3-10 
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YOKE  CLAKP 


FIG 
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Cone -Drive  worm  gear  speed 
reducer  30:1  ratio 
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Part  NO.  Description 


1.  Globe  A.C.  hysteresis  Syncronous  Gear  Motor.  Output  speed 
is  15  rpm  ana  maximum  output  torque  is  3.1  in-lb.  Planetary 
gear  reduction  is  80:1. 

Manufactured  by:  Globe  Industries,  Inc. 

2275  Stanley  Ave. 

Dayton,  Ohio  45405 
Approximate  cost:  $150. 

2.  APCOR  Series  2400  Multiratio  Speed  Reducer.  Maximum  output 
torque  is  6  in-lbs.  Ten  step  incremental  ratio  selector 
gives  ratios  shown  on  Schematic  Plan  of  Transmission  Train. 
Manufactured  by:  Geartronics  Corp. 

100  Chelmsford  Road 
North  Billerica,  Mass.  01862 
Approximate  cost:  $135. 

3.  Cone-Lrive  worm  gear,  fixed  ratio  speed  reducer  and  Cone-Drive 
worm  gear  set. 

Manufactured  by:  Cone-Drive  Gears, 

Div.  of  Michigan  Tool  Co. 

7171  E.  McNichols 
Detroit,  Michigan  48212 
Approximate  cost:  Speed  reducer:  $100 

Gear  set  :  $  70. 

4.  Precision  ball  bearing  pillow  blocks. 

Manufactured  by:  Boston  Gear 

Quincy,  Mass. 

Approximate  cost:  $10  each. 


HARVARD 

ROTATION  SHEAR  MACHINE 
TRANSMISSION  SYSTEM  PARTS  LIST 


PIG.  3-13 
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®  © 


Machine  Machine 

No.  i  No.  2 


1.  Power  Supply  -  Precision  DC  Power  Source  0-20  VDC .  Two 
dual,  concentric  decade  switches  provide  dial  readout 
to  four  places  with  an  accuracy  of  0.1%. 

Manufactured  by:  Power  Designs  Inc. 

1700  Shames  Drive 
westbury,  N.Y. 

Approximate  cost:  $325 

2.  Switching  box  -  Two  position  switching  box  designed  to 
keep  all  four  transducers  continuously  energized. 

3.  Transducer  -  Dynisco  Force  transducer.  Repeatability 
of  C.1%  F.S.  Full-scale  output  3.5  MV/V.  Maximum 
probe  displacement  of  0.00035  in. 

Manufactured  by:  Dynisco,  Division  of  Microdot,  Inc. 

20  Southwest  Park 
Westwood,  Mass.  02090 
Approximate  cost:  $525 

4.  Millivoltmeter  -  Digital  millivoltmeter .  Full-scale 

DC  range  of  40  mv.  Accuracy  0.1%  F.S.  Reading  resolu¬ 
tion  of  5uV. 

Manufactured  by:  United  Systems  Corporation 

918  Woodley  Road 
Dayton  3,  Ohio 
Approximate  cost :  $445 

SCHEMATIC  VOLTAGE  MEASURING  SYSTEM 


FIG.  3-16 


before  0.0/  thi.  Tef/on 
added  to  periphery 


0.050  r- porous  stainless  steel  d/sc 
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• drill  and  tap  for  ft." screw 

noie.  : 

porous  d/sc  drilled  to  ado*/ 

1/4. "  screw  to  enter  to  prevent 
sliding  of  disc  /n  p  to  ten. 


PIG.  3-18 

DISC  SHAPED  LOADING  PLATEN 


O.  S’  Inch  t 


.  PIG.  3-19 

ANNULAR  LOADING  PLATEN 


FIG.  3-18  and  PIG.  3-19 


CENTER  SPACER  FOR  ANNULAR  SPECIMEN 


FIC 


3-21  and  FIG 


3-22 


T  RESULTS  MACHINE  NO 


kg/sq 


ROTATION  SHEAR  MACHINE  KITH 
SHEARING  UNIT  AND  TOP  BAR 


OF  LOADING  YOKE  REMOVED 


100 


FIG.  4-6  APPARATUS  FOR  TRIMMING  UNDISTURBED 
SPECIMENS 


FIG.  4-7  COMPLETED  UNDISTURBED  DISC 


FIG.  4-6  and  FIG.  4-7 


9.50  cm  dia 


FIG.  4-8  SOIL  DISC  CLAMPED  FOR 

TRIMMING  ANNULAR  SPECIMEN 


FIG.  4-9  UNDISTURBED  ANNULAR  SPECIMEN 


FIG.  4-8  and  FIG.  4-9 
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t 

FIG.  4-11  INSTALLING  TOP  PLATS 


FIG.  4-10  and  FIC.  4-11 


SHEAR  STRESS 


10^ 


T 


i 

I 

I 


5-lc 


condition  (2) 


5 -Id 


5-le 


condition  (3) 


residual  condition 


EFFECT  OF  NONUNIFORM  SHEAR 
STRESS  ON  versus  6  curve 


FIG.  5-1 


AVERAGE  SHEAR  STRESS,  t  ,  kg/sq  cm  0  CHANGE  IN  THICKNESS,  AB,  10  inches 
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FIG.  5-2 


AVERAGE  SHEAR  STRESS,  t  ,  kg/sq  cm  0  CHANGE  IN  THICKNESS,  AB ,  1 o"’  inches 


PERIPHERAL  DISPLACEMENT,  6,  cm 


FIG.  5-3 
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APPENDIX  A 

DISCUSSION  OF  TEST  ERRORS 


A.  1  ERROR  IN  VERTICAL  STRESS  CAUSED  BY  LEVER  SYSTEM 

The  lever  ratios  were  computed  by  measuring  the  distances  between  knife  edges  after  the 

levers  were  installed.  These  ratios  were  checked  by  direct  measurement  of  loads  transmitted  to  a 

$ 

high-tensile  steel  proving  ring  that  replaced  the  shearing  unit  in  the  machine.  The  largest  differ¬ 
ences  between  ratios  computed  using  these  two  techniques  occurred  when  loads  smaller  than  25  kg 
were  applied  to  the  proving  ring  by  the  levers.  The  maximur  difference  occurred  when  using  the 
40 : 1  hanger  ratio  of  Machine  No.  1  to  apply  these  small  loads  winch  gave  a  computed  ratio  of 
39.62:1  compared  with  39.85  computed  from  measurement  of  lever  distances.  The  larger  differ¬ 
ence  in  ratios  at  tne  lower  loads  is  attributed  to  the  poor  proving  ring  repeatability  at  the  lower 
loads. 

The  ratios  obtained  by  measuring  the  distances  between  knife  edges  are  listed  below  and  were 
used  to  compute  specimen  loads. 


Machine 

Number 

Design 

Ratio 

Measured 

Ratio 

1 

20:1 

19.92:1 

1 

40:1 

39.85:1 

2 

5:1 

4.99:1 

2 

10:1 

9.98:1 

The  precision  of  the  lever  system  was  determined  by  a  series  of  load-unload  cycles  per¬ 
formed  with  proving  rings  in  place  of  the  shearing  unit.  The  precision  was  found  to  be  as  good  as 
the  proving  rings  themselves,  i.e.,  0.1%  to  0.25%.  The  lead  weights  used  in  these  precision  tests 
were  weighed  on  a  Mettler  balance. 

The  error  in  the  residual  strength,  caused  by  the  lever  system,  is  estimated  to  be  no  greater 
than  plus  or  minus  0.1%  to  0.25%  of  any  given  value. 

A. 2  ERROR  IN  VERTICAL  STRESS  CAUSED  BY  SIDE  FRICTION 

Load  applied  to  the  horizontal  top  surface  of  a  specimen  confined  in  a  ring  is  diminished  with 
depth  due  to  side  friction.  Assuming  both  the  coefficient  of  side  friction  and  the  coefficient  of 
lateral  earth  pressure  a.-e  constants,  the  friction  on  the  boundary  between  the  specimen  and  the 
ring  will  decrease  with  depth.  For  simplicity,  it  will  be  assumed  that  the  stress  due  to  side 
friction  io  constant  and  equal  to: 


WgtK  av  where: 


The  loads  pla 


ed  on  the  proving  ring  during  these  tests  range  between  12  kg  and  450  kg. 
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ay  =  vertical  stress  applied  to  the  top  of  the  specimen 
K  =  coefficient  of  lateral  earth  pressure 

=  coefficient  of  friction  between  soil  and  Teflon  ring 

This  simplification  will  exaggerate  any  change  in  oy  with  depth. 

The  vertical  stress  on  the  failure  plane  of  a  specimen  using  a  fixed  confining  ring  will  be 
computed  with  the  aid  of  the  following  definitions: 

h  =  distance  from  the  top  of  the  specimen  to  failure  plane 

P  =  load  applied  to  top  of  the  specimen 

Pc  =  vertical  load  in  confining  ring  due  to  side  friction 

P  ,  =  vertical  load  in  center  disc  Hue  to  side  friction 
d 

Ag  =  area  of  specimen 

ov  =  vertical  stress  applied  to  the  top  of  the  specimen 
o^  =  vertical  stress  on  failure  plane 
K  =  coefficient  of  lateral  earth  pressure 
ust=  coefficient  of  friction  between  soil  and  Teflon  ring 

For  annular  specimens,  the  load  in  the  confining  ring,  P  and  the  load  in  the  center  disc, 
Pti,  will  be: 


Pc  =  Kavh»D1*,st 


Pd  =  Kavhir  Djjii  gt 


The  stress  on  the  failure  plane  af  will  be: 


o' 


V 


which  becomes: 


=  1  •  4Khtist 


Dl+D2 


d: 


d: 


(A-l) 


The  center  disc  for  an  annular  specimen  in  the  Harvard  rotation  shear  machine  is  designed  not  to 
take  any  vertical  load.  Equation  A-l  simplifies  to: 


5v/5v  =  1  '  4Khwst 


~2 - 2 

D1  +D2 


(A-2) 


When  a  disc-shaped  specirren  is  used,  Dg  is  zero  and  Equation  A-l  reduces: 


a'  /a 
v  '  v 


1  - 


4Khy 


st 


(A -3) 


♦ 

If  the  upper  platen  tilted  8  degrees  from  the  horizontal,  the  center  disc  would  contact  the  inside  of 
both  the  upper  and  lower  platens  and  further  tilting  would  cause  the  disc  to  jam.  This  amount  of 
tilting  has  never  been  observed,  nor  has  the  center  spacer  ever  been  observed  to  be  jammed  into 
the  upper  and  lower  platens  at  the  end  of  a  test. 
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Equations  A-2  and  A-3  wili  be  evaluated  using  the  following  assumptions: 

1.  K  =  0.8 

2.  n* -0.1 

3.  h  =  0.2  cm  for  split  confining  rings  and  0.5  cm  for  solid  confining  rings 

The  coefficient  of  friction  between  soil  and  Teflon  has  not  been  determined,  but  us^  =  C.l  is 
probably  on  the  high  side.  Tests  using  split  confining  rings  result  in  a  failure  plane  0.2  cm  below 
the  upper  platen  when  using  test  specimens  that  were  initially  0.6  cm  thick.  For  tests  using  a  solid 
confining  ring,  h  is  generally  0.05  cm  or  less.  The  results  of  inserting  these  assumptions  into 
Equations  A-2  and  A-3  are  tabulated  below: 


h 

o'  /  a 

V  '  V 

cm 

Annulus 

Disc 

0.2 

0.982 

0.992 

0.05 

0.995 

0.998 

Hence,  when  using  a  split  ring,  side  friction  will  cause  to  be  about  2%  low  for  annular 
specimens  and  1%  low  for  disc-shaped  specimens.  When  using  a  solid  confining  ring,  a  will  be 
about  0.5%  low  for  annular  specimens  and  0.27o  low  for  disc-shaped  specimens. 

A. 3  ERROR  IN  MEASURED  MOMENT  CAUSED  BY  MEASURING  SYSTEM 

The  transducers  used  to  measure  the  force  couple  transmitted  through  the  specimen  were 

$ 

calibrated  by  applying  load  directly  on  their  probes.  They  were  calibrated  for  several  cycles  of 
loading  and  unloading  and  were  found  to  have  a  repeatability  of  about  0.1%  for  the  upper  80%  of 
their  range  and  0.3%  for  lower  20%  when  the  zero  shift  was  accounted  for  (Sections  3.6  and  B.l). 

Excitation  voltage  for  the  transduc'  rs  is  obtained  from  a  precision  DC  power  source  which 
has  an  accuracy  of  0.1%.  Transducer  output  voltage  is  displayed  on  digital  millivoltmeters  having 
an  accuracy  of  0.1%. 

Numerous  checks  of  transducer  calibration  have  been  made  in  the  course  of  the  testing  pro¬ 
gram  by  exchanging  sets  of  transducers  during  a  test.  For  example,  transducers  with  a  maximum 
force  range  of  100  lbs  may  be  required  to  measure  the  peak  strength  of  a  soil  in  a  given  test,  while 
25-lb  transducers  may  be  sufficient  to  measure  the  residual  strength. 

Thus,  when  the  residual  strength  is  reached,  the  100-lb  transducers  will  be  replaced  with 
25-lb  transducers  to  obtain  more  precise  measurements.  This  also  permits  a  cross-check  of  the 
pairs  of  transducers,  since  both  sets  should  measure  an  identical  force  couple.  Such  an  exchange 
of  transducers  (25-lb  for  100-lb  and  10-lb  for  25-lb)  has  been  done  many  times  and  indicates  that 
there  has  been  no  change  in  transducer  calibrations. 

With  the  proper  selection  of  transducers,  the  maximum  error  in  the  measured  moment  due 
to  the  electronic  measuring  system  would  be  plus  or  minus  0.3%. 


Lead  weights  used  for  the  transducer  calibration  were  weighed  on  a  Mettler  balance  to  determine 
their  actual  weight. 
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A. 4  ERROR  IN  THE  MEASURED  MOMENT  CAUSED  BY  FRICTTQN  IN  THE  SPLIT 
CO*  .  TNING  RING 

Section  A. 2  pointed  out  that  friction  between  the  soil  and  the  confining  ring  causes  a  reduction 
in  the  applied  stress  on  the  failure  plane.  When  using  the  split  confining  rings,  vertical  load  trans¬ 
mitted  from  the  soil  to  the  upper  confining  ring  by  side  friction  will  cause  friction  between  the 
stationary  upper  ring  and  the  rotating  lower  ring.  This  friction  is  measured  as  a  part  of  the 
moment  required  to  maintain  the  upper  half  of  the  shearing  unit  s+ationary.  The  technique  of  rais¬ 
ing  the  solid  ring  and  separating  the  confining  rings  eliminates  this  error,  but  it  will  be  useful  to 
estimate  this  error  analytically.  This  error  can  be  estimated  with  the  aid  of  the  fallowing  sketch 
and  definitions: 


Ag  =  area  of  soil  specimen 

Ac  =  area  of  mating  surfaces  of  split  confining  rings 
P  =  load  applied  at  the  top  of  the  specimen 

Pc  =  load  transmitted  to  upper  confining  ring  due  to  side  friction 
av  =  vertical  stress  at  the  top  of  the  specimen 
a*  =  vertical  stress  on  failure  plane 

avc  =  vertical  stress  on  mating  surfaces  of  split  confining  rings 
Tr  =  shear  stress  on  failure  plane 

t c  =  shear  stress  on  mating  surfaces  of  confining  ring 
ugt  =  coefficient  of  friction  between  soil  and  Teflon  =  0.1 
Mc  =  coefficient  of  friction  between  confining  rings 
Mf  =  moment  due  to  shear  stress  on  failure  plane 
Mc  =  moment  due  to  friction  between  confining  rings 

Assuming  r r  is  uniformly  distributed  on  the  failure  plane,  and  rc  is  uniformly  distributed  on 
the  mating  surface  of  the  confining  rings,  the  equations  for  the  moments  caused  by  these  stresses 
are: 


Mr  =  2/3  *  rJ  -  R^  Tr 


y 


(A-4) 


(A-5) 


M  =2/3ir5-R^t 
c  J  l  c 


R1  ‘  R2  Tc 

Mc/Mr  =  5 - f  T- 

c  r  R3  ”  Ri  Tr 


c 


2»‘stKffvh,Rl 


t  =  u  a 
r  r  v 


.  R?-Ri ».  2»«Kh'Ri 

Mc^Mr  -  rs— TJ  r  — r — 
R3  -  R1  r  c 


R3  -  Ri  R, 


r3  - «;  ri  -  r2 


Mc/Mr  =  d-J  *  T1 

Substituting  the  values  of  Rj,  Rg,  R3  , 

Mc/Mr  =(0.79)  2h-^ 


wcMstK 


(A-6) 


(A-7) 


(A-8) 


(A-9) 


During  a  test,  there  is  always  a  thin  film  of  soil  between  the  rings  and  it  is  reasonable  and  con¬ 
servative  to  assume 


If  K  =  0.8,  h  =  0.2,  andji^  =  0.01  ($  =  5.7  degrees), 

M  /M  =  0.025 
,  c  r 

This  analysis  indicates  that  the  measured  moment,  hence  r  ,  is  about  2.5%  larger  than  it 
would  be  if  there  were  no  friction  between  the  confining  rings.  The  assumptions  made  to  evaluate 
Equation  A-9  are  believed  to  be  conservative;  in  particular,  the  value  of  pgt  is  probably  too  large. 

If  the  Lucite  C-clamps  are  used  to  restrict  the  clearance  between  the  split  confining  ring 
(Section  3.7),  then  the  foregoing  analysis  will  not  be  applicable  because  the  stress  on  the  mating 
surfaces  of  the  split  ring  cannot  be  estimated. 

The  technique  of  removing  the  Lucite  C-clamps  and  temporarily  separating  the  confining 
ring  eliminates  friction  between  the  two  halves,  and  hence  any  error  due  to  this  friction  is  also 
eliminated. 


A. 5  ERROR  IN  MOMENT  CAUSED  BY  FRICTION  BETWEEN  THE  SOLID  CONFINING  RING. 
THE  STATIONARY  PLATEN  AND  THE  STATIONARY  PART  OF  THE  SPECIMEN 

When  a  solid  confining  ring  is  used,  it  introduces  a  moment  due  to  friction  between  the  ring 
(which  rotates)  and  the  stationary  portion  of  the  specimen  as  well  as  the  upper  platen,  as  shown 
below. 
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An  evaluation  of  the  error  introduced  by  this  friction  may  be  made  by  studying  the  data  avail¬ 
able  from  34  tests  in  this  research  which  were  performed  with  solid  confining  rings.  In  these  tests, 
the  moment  was  measured  with  the  confining  ring  in  position  and  again  with  the  ring  lifted  off  the 
specimen  and  the  shear  stress  computed  for  each  of  these  moments. 

The  shear  stress,  r  ,  computed  with  the  confining  ring  lifted  and  the  difference  between  this 
shear  stress  and  the  stress  computed  with  the  ring  in  position  are  shown  in  Tables  A-l  to  A-3. 
These  data  indicate  that  the  additional  shear  stress  due  to  ring  friction  is  independent  of  vertical 
stress  and  overccr.solidation  ratio,  "  nd  varies  between  0.010  and  0.030  with  an  average  of 
0.020  kg/sq  cm  for  both  the  Pepper  S!  lie  and  the  soil  from  the  Cucaracha  "Shale."  The  results  for 
the  London  Clay  (Table  A-3)  indicate  that  ring  friction  averages  about  0.030  kg/sq  cm  in  this  soil. 
This  higher  value  is  probably  the  result  of  the  higher  silt  content  of  the  London  Clay. 

The  difference  between  measured  with  the  ring  in  position  and  with  it  lifted  off  is  not 
entirely  due  to  elimination  of  friction.  When  side  friction  is  eliminated  by  lifting  the  ring,  the  total 
stress  on  the  failure  plane  is  increased  by  an  amount  equal  to  the  total  vertical  side  friction.  It 
was  pointed  out  in  Section  A. 2  that  the  ratio  <7^  /  is  approximately  0.995  for  tests  using  a  solid 
confining  ring.  The  second,  and  more  important,  phenomenon  that  occurs  when  the  ring  is  lifted  is 
the  reduction  in  the  measured  moment  due  to  soil  extrusion.  It  was  pointed  out  in  Section  6.5.2  and 
Section  6.5.3  as  well  as  in  Section  8.3.1  that  the  effect  of  soil  extrusion  did  not  occur  immediately 
upon  removal  of  radial  confinement.  The  interaction  of  these  two  phenomena  when  the  ring  is  lifted 
may  be  explained  with  the  aid  of  the  following  sketch: 
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When  the  residual  strength  is  reached  with  the  confining  ring  in  position,  r  is  constant,  as 

J  a 

shown  between  Points  1  and  2.  At  Point  2  the  ring  is  lifted  and  there  is  an  immediate  reduction  in 

r  .  With  the  ring  lifted,  the  effective  vertical  stress  increases  on  the  failure  plane,  and  r  will 

increase  as  shown  by  the  line  labeled  "Ara  due  to  increase  in  o^,."  The  increase  is  very  small 

since  the  change  in  vertical  effective  stress  is  very  small.  Soil  extrusion  also  affects  the  shear 

stresses,  as  shown  by  the  line  labeled  "^Ta  due  to  soil  extrusion."  The  sum  of  these  two  effects, 

indicated  by  the  heavy  black  line,  is  actually  observed.  In  a  test,  the  transducer  readings  are 

recorded  at  one-minute  intervals  (or  less)  after  the  ring  is  lifted  until  there  is  a  reduction  in  the 

measured  force  couple,  indicating  extrusion  is  becoming  dominant.  Then  the  confining  ring  is 

replaced.  The  transducer  readings  recorded  just  before  the  reduction  started  are  used  to  compute 

r  .  In  this  manner,  the  effect  of  friction  due  to  confinement  is  eliminated  and  the  effect  of  soil 
a 

extrusion  is  minimized.  The  actual  strength  may  be  slightly  higher  than  the  strength  computed  by 
this  technique. 


A. 6  ERROR  IN  THE  MEASURED  MOMENT  CAUSED  BY  FRICTION  BETWEEN  THE  ROTATING 
CENTER  DISC  AND  THE  STATIONARY  PART  OF  THE  SPECIMEN 


Experience  has  shown  that  the  center  spacer  used  to  form  the  inner  periphery  of  annular 
specimens  rotates  with  that  part  of  the  specimen  below  the  failure  plane. 

The  error  due  to  friction  between  this  Teflon  disc  and  the  stationary  part  of  the  specimen 
above  the  failure  plane  may  be  estimated  as  follows: 


If  h  =  0.05  cm  and  K  =  0.8, 


Ro  Ku 

M  ,/M  =  a——  ■»  ■  3h - - 

d  r  R3  -  R3  Mr 

1  2 


Md/Mr  =  (0.23)  3hK  J 


st 


M./M  =  0.027  — 
d'  r  ur 


(A-10) 


Rotation  of  the  center  disc  on  the  inner  periphery  of  the  stationary  part  of  the  specimen 

results  in  a  slickenside  on  this  surface.  It  would  seem  reasonable  to  assume  that  i  coefficient  of 

friction  between  this  slickensided  surface  and  the  Teflon  center  disc  is  about  0.5  p  .  Based  on  this 

r 

assumption.  Equation  A-10  becomes: 


0.014 


Hence,  the  computed  residual  strength  will  be  about  1.4%  high  due  to  this  error. 


$ 

The  act  of  lifting  the  ring  generally  disturbs  the  alignment  of  the  top  plate  very  slightly,  and  the 
instant  the  ring  is  lifted  the  transducers  will  not  be  measuring  forces  which  are  truly  representa¬ 
tive  of  the  test  conditions.  The  transducer  readings  will  change  very  rapidly;  however,  after  about 
15  seconds,  the  output  of  the  transducers  will  stop  changing  rapidly  and  assume  a  slow,  steady 
increase.  It  is  this  15-second  reading  which  is  used  to  represent  the  shear  stress  due  to  friction 
in  the  above  sketch. 

Inferred  from  the  observation  of  a  slickenside  on  the  inner  periphery  of  the  stationary  part  of  the 
specimen. 
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APPKNUiA  n 

CALIBRATION  OF  APPARATUS 


B.l  CALIBRATION  OF  FORCE  TRANSDUCERS 

The  transducers  used  to  measure  the  force  couple  In  the  Harvard  rolutton  shear  machine  are 
manufactured  by  Dynisco  Division  of  Microdot,  Westwood,  Massachusetts.  They  uro  factory- 
calibrated  and  the  combined  effect  of  nonlinearity,  hysteresis,  und  nonrepeatability  are  advertised 
as  less  than  0.75%  of  their  full  scale  output. 

Careful  calibration  in  the  Harvard  Laboratory  practically  eliminated  the  effects  of  nonlinear¬ 
ity  and  hysteresis. 

Each  transducer  was  calibrated  by  application  of  dead  weight  directly  on  its  probe.  Several 
cycles  of  loading  and  unloading  are  performed  over  a  period  of  a  few  dayB.  The  transducers  were 
calibrated  using  the  same  excitation  and  signal  cables  that  arc  used  during  a  rotation  shear  test. 

The  output  versus  load  and  unload  curves  for  a  given  transducer  were  found  to  have  essenti¬ 
ally  constant  shape,  but  the  curves  were  displaced  along  the  voltage  axis  because  of  zero  drift.  The 
repeatability  of  these  curves  for  a  given  transducer  was  determined  to  be  less  than  0.1%  of  full 
scale  output  when  the  "no  load"  voltage  was  subtracted  from  the  voltage  obtained  at  any  given  load. 

Data  for  a  typical  transducer  calibration  are  presented  in  Tables  B-l  and  B-2.  Table  B-l 
shows  the  results  of  one  trial,  consisting  of  three  loading  and  unloading  cycles.  The  no  load  output 
voltage  before  each  loading  cycle  has  been  subtracted  from  the  output  at  each  load  increment,  and 
ihe  no  load  output  voltage  at  the  end  of  the  unloading  cycle  has  been  subtracted  from  the  output  volt¬ 
age  at  each  load  decrement. 

The  average  output  voltage  is  then  taken  for  each  load  decrement  and  recorded  in  Table  B-2 

* 

where  it  may  be  compared  with  other  similar  calibration  trials.  For  this  particular  transducer, 
three  trials  have  been  made.  The  secant  slope  for  each  measured  point  on  the  calibration  shown  in 
Table  B-2  indicates  *he  linearity  of  the  calibration  curve. 

Forces  a~e  determined  during  a  rotation  shear  test  by  subtracting  the  zero  load  reading  from 
the  loaded  readings.  Entering  the  calibration  table  with  this  difference,  the  secant  slope  of  the 
calibration  curve  is  obtained.  The  difference  between  loaded  and  unloaded  readings  is  multiplied  by 
the  appropriate  secant  slope  to  obtain  the  force.  The  small  deviation  from  linearity  for  the  cali¬ 
bration  curves  has  made  this  more  convenient  than  using  a  curve  of  output  voltage  versus  load. 

B.2  APPARATUS  COMPRESSIBILITY 

Measurements  of  the  vertical  movement  of  the  upper  beam  of  the  loading  yoke  (Section  3.8) 
include  the  compressibility  of  the  sheai  ing  unit.  The  apparatus  compressibility  was  determined 
for  both  testing  machines  by  placing  a  brass  disc  between  the  loading  platens.  Results  of  these 
calibrations  are  shown  in  Figs.  B-l  and  B-2  and  are  practically  identical. 


Only  the  unloading  cycle  is  shown  because  the  transducer  is  being  unloaded  as  the  residual 
strength  is  being  approached. 

$  $ 

During  the  early  part  of  the  test,  the  zero  load  readings  taken  before  the  test  are  assumed  to 
apply.  As  the  shear  stress  versus  displacement  curve  approaches  a  horizontal  asymptote,  new 
zero  load  readings  arc  taken  after  each  set  of  loaded  readings  is  recorded. 
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TABLE  A-l 

PEPPER  SHALE  <#r  «  7.5*1 

EVALUATION  OF  FRICTION  DUE  TO  SOLID  CONFINING  RING 


Residual  Stre 


OCR 

With 

Ring 

Rlne 

r 

Temporarily 

Lifted 

kg /cm" 

1 

0.143 

0.118 

0.02? 

0.275 

0.250 

0.025 

0.540 

0.515 

0.025 

1 

0.510 

0.500 

0.010 

I 

I0C0 

1.040 

0.020 

1 

1.553 

1.529 

0.024 

2.695  j 

2.680 

0.015 

1 

0.125 

0.115 

0.010 

0.240 

0.230 

0.010 

0.505 

0.490 

0.015 

10 

0.166 

0.141 

0.025 

10 

0.168 

0.145 

0.023 

m 

0.285 

0.533 

0.265 

0.508 

0  020 

0.025 

100 

0.1*2 

0.122 

0.020 

Undis. 

0.132 

0.122 

0.010 

Undis. 

0.129 

0.119 

0.010 

Undis. 

0.263 

0.253 

0.010 

Undis. 

0.420 

0.400 

0.020 

Undis. 

0.420 

0.400 

0.020 

TABLE  A  -2 

CUC  A  RACK  A  '  SHALE"  {•  •  6.4*) 


EVALUATION  OF  FRICTIO*  '  TO  SOLID  CON  FIN  I  NO  RING 


TABLF  A-3 

LONDON  CLAY  •  9.3*) 

EVALUATION  OF  FRICTION  DUE  TO  SOUL'  CONFINING  RING 


l<04(J 

Difference  Belwptn  leaded  unci  Unloaded  Output 

-  mv 

leading  Cyclt>« 

V  1*4 

•  «dlng  (‘ycleji  1 

1 .42-1 

3  -121 

3.428 

3.430 

3.382 

2.340 

3.341 

2.0 

4.766 

4.783 

4  780 

4.GG5 

4.701 

4.698 

4  0 

9. -170 

9.478 

9.479 

9.309 

9.341 

9.363 

6.0 

14.141 

14.15G 

14. 157 

14.004 

14.010 

14.045 

B.O 

18.747 

18.831 

18.324 

18.618 

18.680 

18.71 1 

10. 0 

23.481 

23.494 

23.490 

23.301 

23.410 

23.421 

II. 3 

26. 365 

2G.538 

26.544 

TABLE  B-2 

SUMMARY  OF  THREE  TRANSDUCER  CALIBRATION  TRIALS 

(UNLOADING  CYCLE) 


Load 

kg 

Difference  Between  Loaded 
and  Unloaded  Output  -  mv 

Average 

Output 

mv 

Maximum 

Deviation 

from 

Average 

% 

Secant 

Slope 

kg/mv 

T  rial 

1 

Trial 

2 

Trial 

3 

10.0 

23.374 

23.386 

23.377 

23.379 

0.03 

0.4277 

8.0 

18.6 

18.672 

18.669 

18.670 

0.01 

0.4234 

6.0 

13.998 

14.010 

14.020 

14.009 

0.07 

0.4282 

4.0 

9.349 

9.357 

9.337 

9.348 

0.1 

0.4278 

2.0 

4.683 

4.688 

4.684 

4.684 

0.1 

0.4269 

1.424 

3.335 

3.337 

3.354 

3.343 

0.3 

0.4259 

COMPRESSIBILITY 
MACHINE  NO.  2 


